Oxalate Oxidase Quantification and Relative Mrna Expression in Transgenic American Chestnut (Castanea Dentata) by Matthews, Dakota
SUNY College of Environmental Science and Forestry 
Digital Commons @ ESF 
Dissertations and Theses 
Spring 4-27-2020 
Oxalate Oxidase Quantification and Relative Mrna Expression in 
Transgenic American Chestnut (Castanea Dentata) 
Dakota Matthews 
SUNY College of Environmental Science and Forestry, dfmatthe@syr.edu 
Follow this and additional works at: https://digitalcommons.esf.edu/etds 
 Part of the Forest Biology Commons 
Recommended Citation 
Matthews, Dakota, "Oxalate Oxidase Quantification and Relative Mrna Expression in Transgenic American 
Chestnut (Castanea Dentata)" (2020). Dissertations and Theses. 175. 
https://digitalcommons.esf.edu/etds/175 
This Open Access Thesis is brought to you for free and open access by Digital Commons @ ESF. It has been 
accepted for inclusion in Dissertations and Theses by an authorized administrator of Digital Commons @ ESF. For 
more information, please contact digitalcommons@esf.edu, cjkoons@esf.edu. 
i 
 
OXALATE OXIDASE QUANTIFICATION AND RELATIVE MRNA EXPRESSION IN TRANSGENIC 





A thesis  
submitted in partial fulfillment  
of the requirements for the  
Masters of Science Degree  
State University of New York  
College of Environmental Science and Forestry  
Syracuse New York 








Dr. William A. Powell, Major Professor 
Dr. Stephen Shaw, Examining Committee 
Dr. Melissa K. Fierke, Department Chair 





I am extremely grateful to have been able to work on the American chestnut research 
and restoration project here at SUNY-ESF. This project would not have been possible without 
the support from many individuals. I would first like to thank my major professor Dr. William A. 
Powell, who has taught me so much and been extremely patient with me. I would also like to 
thank my steering committee Dr. Christopher Nomura, Dr. Susan Anagnost, my examiner Dr. 
John Drake, my defense chairperson Dr. Stephen Shaw, and all of the EFB department. I would 
also like to thank my coworkers and friends in the American chestnut research and restoration 
project; Andy Newhouse, Kristen Stewart, Linda McGuigan, Allison Oakes, Kaitlin Breda, Hannah 
Pilkey, Patricia Fernandes, and Erik Carlson. I would like to give a special thank you to Kathleen 
Baier who convinced me to go to grad school and taught me how to work in a molecular lab.  
I would also like to thank my family who have always supported me in completing my 
degree even if it took too long. 











List of Tables ................................................................................................................................. v 
List of Figures............................................................................................................................... vi 
Abstract: ........................................................................................................................................ viii 
Chapter 1: Literature Review .......................................................................................................... 9 
American Chestnut Background .................................................................................................. 9 
RNA Expression and Quantitative Polymerase Chain Reactions .............................................. 11 
Origin and Selection of Oxalate Oxidase as the Transgene ...................................................... 14 
Oxalate oxidase defense mechanisms ...................................................................................... 17 
Pathogen resistance in Cereal crops ......................................................................................... 19 
Transgenic approaches to diseases resistance using OxO isoforms ......................................... 21 
CaMV 35s promoter .................................................................................................................. 24 
Possible causes for loss of transgene expression ..................................................................... 25 
Literature Cited ......................................................................................................................... 27 
Chapter II: Oxalate Oxidase Quantification in Transgenic American Chestnut Tissues and Natural 
Oxalate Oxidase Sources ............................................................................................................... 41 
Abstract: .................................................................................................................................... 42 
Introduction............................................................................................................................... 44 
Methods .................................................................................................................................... 50 
Transgenic American Chestnut Stem Tissue Preparation for RNA Extraction ...................... 50 
RNA extraction protocol ........................................................................................................ 50 
RNA expression ...................................................................................................................... 51 
Transgenic nut core tissue preparation ................................................................................. 52 
Coring of Chestnuts for Transgene inheritance testing ........................................................ 54 
Histochemical assay to test for transgene inheritance in nut crosses .................................. 55 
Transgenic American Chestnut Tissue Preparation............................................................... 58 
Oxalate Oxidase colorimetric quantification assay ............................................................... 59 
Statistical analysis .................................................................................................................. 61 
Results ....................................................................................................................................... 62 
Discussion .................................................................................................................................. 66 
Literature Cited ......................................................................................................................... 72 
Chapter III: Stability of Oxalate Oxidase Expression in Transgenic American Chestnuts and their 
Progeny ......................................................................................................................................... 81 
iv 
 
Abstract: .................................................................................................................................... 83 
Introduction............................................................................................................................... 84 
Materials and Methods ............................................................................................................. 89 
Transgenic American chestnut tissue prep for RNA extraction ............................................ 89 
RNA extraction protocol ........................................................................................................ 90 
RNA expression ...................................................................................................................... 90 
Histochemical assay testing transgene inheritance .............................................................. 91 
Growth per day of T2 generation .......................................................................................... 92 
Statistical analysis .................................................................................................................. 92 
Results ....................................................................................................................................... 93 
Discussion .................................................................................................................................. 97 
Literature Cited ....................................................................................................................... 102 
Conclusions: ................................................................................................................................ 108 
Appendices .................................................................................................................................. 112 
Identifying Chestnut Pollen Baskets Collected by Italian Honeybees (Apis mellifera) ........... 113 
Purpose ................................................................................................................................ 114 
Materials and Methods ....................................................................................................... 114 
Results: ................................................................................................................................ 115 
Conclusions: ......................................................................................................................... 131 
Literature Cited .................................................................................................................... 131 












List of Tables 
Table 1: Oxalate oxidase nucleotide and amino acid sequence. Enzyme ID-gf 2.8 ..................... 44 
Table 2: qPCR primers for gene of interest oxalate oxidase and the reference gene actin ......... 51 
Table 3: Controlled pollination lineage data ................................................................................ 52 
Table 4: Staining Solution for oxalate oxidase histochemical detection. Adapted from Dumas et. 
al. 1995 .......................................................................................................................................... 56 
Table 5:Control Staining solution for oxalate oxidase histochemical detection. Adapted from 
Dumas et. al. 1995 ........................................................................................................................ 56 
Table 6: Natural Wheat controls and source ................................................................................ 58 
Table 7: 6870 SPEX freezer/mill grinding programs for plant tissue. Model number: 6870115. 
Metuchen NJ, 08840 ..................................................................................................................... 59 
Table 8: Standard curve stock and final concentrations for the quantitative assay solutions 
(QAS). Oxalate oxidase stock sourced from Roche labs (Germany). ............................................ 60 
Table 9: Oxalate oxidase nucleotide and amino acid sequence. Enzyme ID-gf 2.8 ..................... 84 
Table 10: qPCR Primer sequences ................................................................................................ 90 
Table 11: Staining Solution for oxalate oxidase histochemical detection. Adapted from Dumas 
et. al 1995. .................................................................................................................................... 91 
Table 12: Control Staining solution for oxalate oxidase histochemical detection. Adapted from 
Dumas et al. 1995 ......................................................................................................................... 91 
Table 13: Analysis of Variance table for RNA expression by mother tree (MT). With a p value of 
0.03837 a significant difference was found allowing a Tukey HSD test to be performed. ........ 135 
Table 14: Analysis of Variance table for OxO quantities by tissue type. With a p value of 7.34e-
07 a significant difference was found allowing a Tukey HSD test to be performed. ................. 136 
Table 15: Analysis of Variance table for OxO quantities by edible sources. With a p value of 2.2e-




List of Figures 
Figure 1:American Chestnut historical natural range (light blue). ................................................. 9 
Figure 2: Standard amplification curve of qPCR samples ............................................................. 14 
Figure 3: Oxalate oxidase enzymatic reaction .............................................................................. 15 
Figure 4: Oxalate oxidase histochemical reaction. ....................................................................... 55 
Figure 5: Example of cores of a chestnut for histochemical assays and OxO quantification. ...... 57 
Figure 6: Oxalate oxidase RNA expression in stems of transgenic American chestnut events 
measured by RT-qPCR. .................................................................................................................. 62 
Figure 7: Example of an oxalate oxidase positive histochemical assay ........................................ 63 
Figure 8: Example of an oxalate oxidase negative histochemical assay ....................................... 64 
Figure 9: Oxalate oxidase quantities in transgenic tissues ........................................................... 65 
Figure 10: Oxalate oxidase quantities in transgenic American chestnut endosperm tissue and 
edible oxalate oxidase source controls......................................................................................... 66 
Figure 11: Oxalate oxidase mRNA expression in transgenic American chestnut leaf tissue. ....... 94 
Figure 12: Oxalate oxidase mRNA expression T0, T1, and T2 generations. ................................. 95 
Figure 13: Box plot examining the range of OxO expression in transgenic American chestnut 
seedlings grouped by mother tree. .............................................................................................. 96 
Figure 14.Relationship between OxO expression and growth per day(cm) of transgenic T2 
seedlings. ...................................................................................................................................... 97 
Figure 15: Colors of pollen baskets collected by honeybees. ..................................................... 115 
Figure 16: Micrograph of transgenic American chestnut anther collected from the high light 
growth chamber.......................................................................................................................... 116 
Figure 17: Micrograph of transgenic American chestnut anther with pollen grains attached to 
surface. ........................................................................................................................................ 117 
Figure 18: Micrograph of field collected Allegheny chinkapin (Castanea pumila) anther and 
pollen. ......................................................................................................................................... 118 
Figure 19: Micrograph of transgenic American chestnut anther with pollen sourced from the 
highlight growth chamber. ......................................................................................................... 119 
Figure 20: Micrograph of American chestnut pollen grain close up surface view. .................... 120 
Figure 21: Micrograph of fresh untreated transgenic American chestnut anther and pollen. .. 121 
Figure 22: Micrograph of fresh untreated transgenic American chestnut anther and pollen. .. 122 
Figure 23: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 123 
Figure 24: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 124 
Figure 25: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 125 
Figure 26: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 126 
Figure 27: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 127 
vii 
 
Figure 28: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 128 
Figure 29: Micrograph of a honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. .................................................................. 129 
Figure 30: Micrograph of a honeybee pollen basket collected two weeks after peak wild type 
American chestnut production in our Lafayette field location. ................................................. 130 
Figure 31: Standard curve of oxalate oxidase qPCR primers. ..................................................... 132 
Figure 32: Standard curve of EF1 qPCR primers. ........................................................................ 133 
Figure 33: Standard curve GAPDH qPCR primers. ...................................................................... 134 





D.F. Matthews. Oxalate Oxidase Quantification and Relative mRNA Expression in Transgenic 
American Chestnut (Castanea dentata). 120 pages, 11 tables, 34 figures, 2020. CSE style guide 
used. 
 
 American chestnut (Castanea dentata) is highly susceptible to a canker disease caused 
by the invasive fungal pathogen Cryphonectria parasitica. Efforts to restore this tree to its 
natural range have led to the development of a transgenic American chestnut tree containing 
an oxalate oxidase (OxO) gene from wheat. The aim of this study was to quantify the OxO 
protein in our transgenic American chestnut tissues for review by the USDA APHIS BRS, EPA, 
and FDA federal regulatory agencies and to assess OxO mRNA expression stability in 
subsequent breeding generations. OxO protein levels were approximately 100-fold greater in 
chestnuts than found in endogenous cereal sources. Oxalate oxidase mRNA expression levels 
were stable in the founder Darling 58 transgenic line and its subsequent T1 generation. 
Expression levels began to fluctuate in some of the T2 generation as our project began to 
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Chapter 1: Literature Review 
American Chestnut Background  
The American chestnut (Castanea dentata) was once one of the dominant tree species 
in the Appalachian forests within its natural range (Figure 1). American chestnut comprised 
approximately 40-45% of canopy trees in the southern Appalachian forests (Vandermast and 
Van Lear, 2002).  
 




 American chestnut was a rapid growing, shade tolerant to intermediate tolerant species 
that was found in well drained acidic soils (Jacobs et al. 2013). American chestnut was very 
valuable for its wood quality and reliable nut mast. Chestnut has ability to re-sprout from the 
root collar making it a good source of renewable lumber (Smith 2000). The lumber from 
American chestnut had numerous uses. Its high tannin content helped to make it very rot 
resistant allowing it to be used for many outdoor applications (Burnham 1988). Tannins could 
also be extracted for the leather industry (Burnham 1988).    
 Chestnut blight (caused by Cryphonectria parasitica) was first described in 1904 by 
Hermann Merkel at the NY Zoological park in the Bronx (Newhouse 1990). The blight fungus 
likely arrived in the United States in the late 1800’s on shipments of ornamental chestnuts from 
Asia (Anagnostakis 1987). C. parasitica infects the tree through wound sites, produces oxalic 
acid killing tree stem tissue, eventually girdling the tree (Burnham 1988). This blight fungus 
spreads using conidia, which are often attached to insects or mammals, and ascospores, which 
are wind dispersed. These wind-dispersed spores and fungus being able to live as a saprophyte 
on other hardwood species such as oak make this fungus extremely difficult to remove from an 
ecosystem once it is introduced (Burnham 1988).   
 The chestnut blight has changed the role American chestnuts play in our eastern forests. 
Chestnut went from a keystone species providing a valuable ecosystem service to a functionally 
extinct species (Anagnostakis 1987, Burnham 1988). American chestnut trees are rarely able to 
reach sexual maturity and are predominantly surviving as re-sprouts from stumps (Smith 2000). 
American chestnut root systems will eventually die leading to the loss of genetic diversity and 
possible extinction if efforts to rescue the species are not implemented. In this thesis research, 
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transgenic American chestnut transformed with a gf 2.8 wheat OxO gene to tolerate C. 
parasitica infections will be assessed. Ideally transformation of the American chestnut with the 
OxO gene from wheat will aid the American chestnut to be restored to eastern forests.  
RNA Expression and Quantitative Polymerase Chain Reactions 
 Measuring messenger RNA transcription using quantitative polymerase chain reactions 
(qPCRs) is technology that has been refined over the past 25 years to become a powerful 
molecular tool for quantifying gene expression. Messenger RNA is a byproduct of DNA 
transcription which ultimately is translated in the ribosome into amino acid sequences for 
enzyme formation. Previously, the tool of choice for measuring mRNA abundance was the 
northern blot hybridization technique. The northern blot was first published in 1977 and named 
after the DNA Southern blot founder Sir Edwin Southern (Alwin et al. 1977). Northern blotting 
utilizes a denaturing gel and blotting with hybridization probe detection of target RNA’s 
(VanGuilder et al. 2008). This technique quantified RNA levels in tissues and made them directly 
comparable across multiple samples. Further refinements of this method helped to reduce 
nonspecific hybridization and the reduction of target digestion by single strand specific RNase 
activity (VanGuilder et al. 2008). While this a was a state-of-the-art protocol at the time there 
were limitations in that large amounts of RNA were needed and their protocols were extremely 
long and often used radio-isotope labels for detection.  
 The development of qPCR started with expanding applications of Polymerase Chain 
Reactions (PCRs), which allow the detection and amplification of very small amounts of DNA. 
12 
 
This method can also amplify trace RNA sequences as well once the sample has been converted 
to cDNA via reverse transcription (Wang et al. 1989). Quantitative polymerase chain reactions 
(qPCRs) takes the normal PCR reactions one step further in that they accurately determine the 
amounts of specific mRNA’s in a given sample. This powerful tool had drawbacks initially in that 
accurately quantifying the initial amount of RNA could be greatly affected by inefficiencies in 
the reaction mix between samples (Wang et al. 1989). Quantification was done through end 
point analysis where the finite end product of the PCR reaction was visualized and quantified 
through gel electrophoresis and staining (Sellner and Turbett 1998). The endpoint method is 
not reliable for two important reasons. The quantitative measurement of optical density of 
agarose gels is limited in its range of sensitivity (Zhao et al. 1996). Finally end point quantitative 
measurements can be very inaccurate due to the exponential and plateau phases in qPCRs 
(Figure 2). Initially the qPCR reaction is not limited by activity of the enzymes or substrate 
concentrations meaning the reaction goes through first an exponential phase then followed by 
the linear phase. As the substrate or enzyme activity becomes limiting, the reaction begins to 
plateau as seen in later cycles. If enough cycles are completed two samples with differing RNA 
expression could end up with the same final amount of DNA. This hides small differences in 
reaction efficiencies skewing data (VanGuilder et al. 2008).  
 Many of the pitfalls of endpoint qPCRs can be avoided using real time qPCRs (RT-qPCR). 
Not to be confused with reverse transcriptase (RT), RT-qPCRs are the same idea as qPCRs 
except that after each cycle the amount of product is measured using fluorescing dye and LED 
light channels (Heid et al. 1996). This is an advantageous method because it is a closed system 
once reactions are prepared. There is no need for post PCR gel loading where pipetting error 
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and contamination can alter results greatly (Heid et al. 1996). In this case the quantification is 
not absolute, instead relative, needing reference genes for standardization between different 
samples. (i.e, actin, gapdh, elongation factor 1 etc.). Reference genes are optimized and chosen 
by comparing amplification of genes in different tissues and different initial cDNA 
concentrations. Genes that provide consistent expression throughout various tissues (i.e roots, 
shoots, leaves) are usually selected as candidate reference genes. Following the identification 
of these candidate genes, standard curves are generated to ensure primer efficiency and 
consistent amplification across all concentrations (Bustin et al. 2009). This allows for analysis 
during the log phase of exponential amplification for each individual sample simultaneously 
without differing plateaus at different cycles affecting results. Relative normalized expression 
can then be calculated using the control samples and the reference gene targets (∆∆Cq). In this 






Figure 2: Standard amplification curve of qPCR samples reaching log and plateau phases. Y axis 
RFU are reflective fluorescence units. Cycles are the number of time the program repeats the 
denaturation, annealing, and elongation steps. The fluorescence value is read at the end of each 
full cycle. The horizontal line at 1000 RFUs is the critical threshold value that delineates whether 
the fluorescence value being read is a product of amplification of the target sequence or just 
background. 
 Origin and Selection of Oxalate Oxidase as the Transgene 
Oxalate oxidase (OxO) is an enzymatic protein that belongs to the germin and germin 
like proteins (GLPs) family of genes found in all plants (Dunwell et al. 2008). OxO resides in the 
GLP subgroup of hydrogen peroxide generating enzymes. OxO was first reported by Zaleski and 
Reinhard (1912) in powdered wheat grains. Later in the century OxOs were described in true 
cereals such as wheat (Triticum), barley (Hordeum) corn (Zea), rye (Secale), rice (Oryza), and oat 
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(Avena) (Lane et al. 1993 Lane 2002). These true cereal OxOs were dubbed germin-OxOs to 
distinguish them from OxOs found in other plants (Lane 2002). OxOs are not limited to true 
cereals. OxO isoforms have been found in a variety of plant families like mosses (Laker et al. 
1980), shellflower (Pistia stratiotes; Volk et al. 2002), beet, spinach, banana (Lane 2002). OxOs 
facilitate conversion of oxalate into hydrogen peroxide, carbon dioxide, and Ca2+ from Ca-
oxalate (Figure 3; Lane 2002; Lane et al. 1993; Schweizer et al. 1999). OxOs have also been 
found in several fungal species and endophytic bacteria (Graz et al. 2016, Mäkelä et al. 2010, 
Kumar and Belur 2016). 
 
Figure 3: Oxalate oxidase enzymatic reaction 
Germin-OxO is a primary constituent of germinating wheat embryos where it is 
glycosylated to the cell wall providing hydrogen peroxide necessary for cross-linking reactions 
that help in cell wall expansion and lignification (Lane et al. 1993; Lane2002). This hydrogen 
peroxide generation via germin-OxO allows for tissues remodeling as the wheat embryo 
uptakes water and undergoes its fastest growing period throughout its lifecycle (Lane 1993; 
Lane 1991; Caliskan et al. 2004).   
OxO can be used by plants as a method of accessing stored Ca2+ for periods of stress and 
senescence (Davoine et al. 2001; Volk et al. 2002). A natural resting, stable storage molecule for 
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Ca2+ is calcium oxalate which historically was considered a final waste product which forms in a 
large variety of plants (Davoine et al. 2001, Webb 1999). In rye grass calcium oxalate crystals 
are stored mainly in the vacuoles and are used in senescence of leaf sheaths (Davoine et al. 
2001). As rye leaf sheaths age OxO activity increases breaking down stored calcium oxalate. The 
Ca2+ and H2O2 produced signals induction of senescence in the leaf sheaths (Davoine et al. 
2001). It was also found that older and more vulnerable leaf sheaths had higher concentrations 
of stored calcium oxalate crystals in their vacuoles (Davoine et al. 2001). As the leaf sheaths 
progressed through senescence H2O2 concentrations increased causing a hypersensitive 
response (Davoine et al. 2001).  
Volk et al. (2002) looked at calcium oxalate crystal formation and breakdown in Pistia 
stratiotes leaves based on calcium availability. When grown in calcium starved environments, 
calcium oxalate crystals in Pistia stratiotes disappeared while plants grown in calcium rich 
environments had large crystal formations in their tissues (Volk et al. 2002). Tagging of OxO 
enzymes through TEM analysis found high concentrations of OxO in tissues in calcium stressed 
environments with relatively low concentrations of OxO in calcium rich environments. 
Increased expression of OxO in calcium starved plants suggests a definitive role of OxO for 
mediating cytosolic and apoplastic Ca2+ concentrations as well as mediate toxic levels of calcium 
oxalate build up (Volk et al. 2002). 
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Oxalate oxidase defense mechanisms 
There are several studied roles OxO enzymes have in plant systems that made it an 
excellent candidate for resistant transgenic American chestnut (Castanea dentata). Germin-
OxOs and OxO isoforms increase fungal pathogen resistance in plants through several means, 
the most obvious being the detoxification of the main virulent agent oxalate (oxalic acid), many 
fungal pathogens (Lane 2002). Anagnostakis (1987) describes virulent strains of Cryphonectria 
parasitica excreting oxalic acid. This acid chelates and removes calcium from the cell walls and 
acidifies the ambient pH killing plant cells allowing the mycelium to the progress through the 
necrotic tissue (Anagnostakis 1987). Transforming American chestnut with the wheat OxO 
allows the transgenic American chestnut to detoxify the main virulent agent of C. parasitica. 
Other fungal pathogens I.e Sclerotinia sclerotiorum (Livingstone et al. 2005; Maxwell 1973; 
Noyes and Hancock 1981), Mycena citricolor (Rao and Tewari 1987), Cristulariella pyramidalis 
(Kurian and Stelzig 1979), Septoria musiva (Liang et al. 2001), and Sclerotium cepivorum (Stone 
and Armentrout 1985), are known to secrete oxalic acid as a means of invasion for their plant 
hosts. Oxalic acid facilitates infection by initiating cell wall degrading enzyme activity by altering 
the pH, causing cell death through acidification, sequestration of Ca2+ , and suppression 
oxidative burst needed for plant pathogen resistance (Livingstone et al. 2005; Cessna et al. 
2000).  
OxO break down of oxalic acid and provides another means of resistance through the 
generation of active oxygen species (H2O2). Hydrogen peroxide and other active oxygen species 
have been found to play an important role in plant defense responses (Wojtaszek 1997). In low 
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concentrations H2O2 can act as one of the primary transducers of general plant defense 
responses as it is rapidly diffusible (Lane 1994; Thordal-Christensen 1997). H2O2 is transmitted 
through the transpiration stream of plant upon wounding eliciting the defense response (Lane 
1994; Thordal-Christensen 1997; Lane 2000). As concentrations of H2O2 rise in pathogen 
stressed tissues an oxidative burst is created facilitating the modification of plant cell walls 
through peroxidase-catalyzed cross-linking of polymers (Brisson et al. 1994). The rapid oxidative 
cross-linking of these polymers in the cell wall creates a physical barrier much more resilient to 
fungal pathogen invasion than normal cell wall structure (Brisson et al. 1994). This physical 
barrier allows for slower transcription-based defense response like lytic enzymes, general 
antimicrobial proteins, and phytoalexins to begin working (Brisson et al. 1994; Bolwell et al. 
2002). Reactive oxygen species also have antimicrobial properties on their own, inhibiting 
fungal growth directly, or by secondarily generating reactive free radicals that are antimicrobial 
(Peng and Kuc 1992). At the highest concentrations of active oxygen species the hosts plant 
cells are locally triggered to undergo programmed cell death via a hypersensitive response 
(Thordal-Christensen 1997; Brisson et al. 1994; Delisle et al. 2001). These heavily lignified, H2O2 
-saturated dead cells serve one final purpose in the defense response by acting as a trap, not 
allowing the fungal pathogen to pass easily through the cambium and vascular tissues while 
also creating a toxic environment without nourishment once all the dead tissue behind the 
lignified barrier has been consumed (Brisson et al. 1994). Germin-OxOs and OxO isoforms 
ability to convert oxalic acid into H2O2 provides a distinct advantage to the host organism 
susceptible to an oxalic acid secreting fungal pathogen.  
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Ca2+ sequestration by oxalic acid secreting pathogens also affects the host plant 
pathogen response.  Elicitors from fungal pathogens initiate fluxes in cytosolic and exocellular 
(outside the cell) ions in conjunction with active oxygen species (H2O2) (Hahlbrock et al. 1995). 
Cytosolic Ca2+ and H2O2 were shown rise together in concentration in response to pathogen 
invasion (Levine et al. 1996). Ca2+ influx helps to sustain the oxidative burst of H2O2 needed for 
cell wall lignification as well as the hypersensitive response if necessary (Levine et al. 1996). 
H2O2 production frees up Ca2+ ions for this feedback loop associated with fungal disease 
response (Cessna et al. 2000). Oxalates extreme affinity for Ca2+ has been suggested to hinder 
the sustained oxidative burst needed for pathogen resistance (Lane et al. 1994; Davoine et al. 
2001; Cessna et al. 2000). Cessna et al 2000 concluded that oxalate does not inhibit H2O2 
production directly through Ca2+ sequestration once the oxidative burst has already been 
triggered. They propose that oxalate interrupts initiation of oxidative burst signaling by altering 
the function of one or more relevant kinases. This binding of Ca2+ may also weaken plant 
barriers by taking stabilizing cations from the cell walls (Cessna et al. 2000). We used wheat 
OxO in our transgenic American chestnuts to breakdown Ca-oxalate, Ca2+ is then freed up 
allowing it to resume its normal functions in re-stabilize cell walls and its stress or pathogen 
related cell signaling.  
Pathogen resistance in Cereal crops   
Germin-OxOs in wheat provide fungal pathogen resistance by accumulating in papillae 
formations. Papillae are appositions formed on the inner surface of the plant cell wall where 
the fungal tissue is penetrating (Wei et al. 1998; Thordal-Christensen et al. 1997; Schweizer et 
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al. 1999). Schweizer et al. 1999 found that GLPs (germin like proteins) and germin-OxOs 
accumulate at the site of papillae formations in wheat leaves being attacked by powdery 
mildew (Blumeria graminis tritici). They also found high concentrations of H2O2 within the 
papillae formations making conditions harsh for fungal invasion. Transient expression of 
germin-OxOs in wheat leaves reduced fungal penetration by 20-65% when bombarded with 
Blumeria graminis tritici (Schweizer et al. 1999).  
Barley (Hordem vulgare) has also demonstrated resistance to Blumeria graminis tritici 
with its OxOs isoform. Zhang et al. 1995 found barley tissues increase expression of OxO and 
OxO activity increases from elicitors produced by a Blumeria graminis tritici fungal invasion. 
Results from their resistant and susceptible assays strongly suggest the sustained H2O2 
oxidative burst correlated to OxO concentration and OxO activity spikes especially in papillae 
formations, conferring resistance (Zhang et al. 1995). Barley leaves, post Blumeria graminis 
tritici inoculation, showed a sustained increase in OxO protein and expression up to 96hours in 
epidermal cells (Wei et al. 1998). Thordal-Christensen et al. 1997 found H2O2 production in 
papillae could be used to prevent further fungal penetration as well as signal neighboring cells 
of the fungal presence. They also determined H2O2 concentrations at different points in time 
after invasion could account for multiple pathogen responses associated with OxO generated 
H2O2 (Thordal-Christensen et al. 1997).      
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Transgenic approaches to diseases resistance using OxO isoforms 
Numerous studies have shown an increased resistance to fungal pathogens in varieties 
of plants with expression of germin-OxOs or OxO isoforms through transformation of plants 
with no OxO isoforms of their own or overexpression of OxO in plants with OxO isoforms 
(Livingstone et al. 2005; Lu 2003; Donaldson et al. 2001, Hu et al. 2003, Walz et al. 2008). Some 
studies have even demonstrated nutritional benefits by integrating an oxalic acid breakdown 
pathway (Kumar et al. 2016). Oxalate decarboxylase was transformed into soya bean (Glycine 
max) and grass pea (Lathyrus sativus) to reduce oxalic acid concentrations in tissues reducing 
likelihood of calcium oxalate crystals forming in kidneys (Kumar et al. 2016). This is a unique 
case however and OxOs and other oxalic acid degrading enzymes are used primarily for pest 
and disease tolerance. 
Sclerotinia sclerotiorum, commonly referred to as white mold, is a multi-host, oxalic 
acid-secreting fungal pathogen. This species is known to be pathogenic to more than 400 plant 
species including many valuable crop species (Lu 2003; Purdy 1979). Resistance to this 
pathogen has been demonstrated in plants transformed with OxO isoforms (Livingstone et al. 
2005; Lu 2003; Donaldson et al. 2001). Donaldson et al. 2001 was able to develop a Sclerotinia 
sclerotiorum resistant soybean through Agrobacterium mediated transformation using the 
germin-OxO sourced from wheat. Survival rates of transgenic soybeans (100%) far exceeded 
that of the control parental lines (57%) as well as the commercially “resistant” non-transgenic 
controls (86%) (Donaldson et al. 2001).   
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Peanut (Arachis hypogaea) is another cash crop severely affected by Sclerotinia minor. 
Livingstone et al. 2005 transformed peanut embryos with a barley OxO isoform to confer 
resistance to S. minor. Transformed and non-transformed plants were inoculated with fungal 
cultures and lesion area was measured. Transgenic peanut lesion size was reduced 75% to 97% 
when compared with non-transgenic controls (Livingston et al. 2005). They also noted that 
lesion morphology on transgenic plants mimic that of a hypersensitive response rather than 
that of pathogenic lesion.  
Hu et al. 2003 used Agrobacterium mediated transformation to constitutively express 
wheat OxO in sunflower (Helianthus annuus) to provide resistance to Sclerotinia sclerotiorum. 
Overexpression of OxO genes in transgenic lines produced significant resistance when 
inoculated with the Sclerotinia sclerotiorum when compared to control non-transgenic lines. 
Petioles were inoculated with Sclerotinia sclerotiorum and lesions remained consistent across 
all lines for the first three days. Over a ten-day-period lesions on the transgenic plants were 6-
fold smaller than that of the non-transformed controls (Hu et al. 2003). Other oilseed crops like 
canola have been transformed with barley OxO to confer resistance to Sclerotinia sclerotiorum 
as well (Lu 2003). 
Tomato plants are subject to two oxalic acid secreting fungal pathogens, Botrytis cinerea 
and Sclerotinia sclerotiorum. Walz et al. 2008 used Agrobacterium mediated transformation to 
insert wheat OxO to increase plant defense response. In all Botrytis cinereal inoculation 
experiments all events showed an increased pathogen resistance when compared to wild-type 
plants. The best transgenic tomato lines were also inoculated with Sclerotinia sclerotiorum. 
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Lesion size and progression was greatly reduced in OxO expressing tomato lines when 
compared to wild type plants (Walz et al. 2008).  
Hybrid poplar (Populus x euramericana) was transformed with germin OxO in the Powell 
lab to demonstrate its ability to provide resistance to oxalic acid secreting fungal pathogens in 
woody tree species. Oxalic acid tolerance assays were performed on transgenic and non-
transgenic leaf disks (Liang et al. 2001). Leaf disks from transformants maintained higher 
percentages of green living leaf area and were able to raise the pH of the surrounding solution. 
Increasing oxalic acid tolerance can lead to pathogen resistance. Leaf disks were also treated 
with a Septoria musiva conidia suspension. Significantly less necrotic area developed on 
transgenic leaf disk when compare with the non-transgenic controls.  
American chestnut callus tissue was transformed with wheat OxO and subjected to 
oxalic acid assays (Welch et al. 2006). Percent lignin was higher in transformed callus when 
compared to non-transformed. Maintaining higher lignin content and increasing oxalic acid 
tolerance suggests OxO can play an important role in conferring Cryphonectria parasitica 
resistance (Welch et al.2006).  
 Studies have shown OxOs potential in the reduction of herbivory by insects (Ramputh 
et al.2002; Mao et al. 2007; Zhu-Salzman et al. 2008). Ramputh et al. (2002) transformed corn 
with wheat OxO to reduce herbivory by the European corn borer (Ostrinia nubilalis). Tunneling 
was reduced by up to 50% in transgenic lines likely due to lignification of cell walls, H2O2 
signaling predation resistance mechanisms, and H2O2’s direct affect on insect physiology 
(Ramputh et al. 2002). Mao et al. (2007) further looked alterations of secondary metabolites 
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due to OxO in transgenic corn and it relation to reduced insect herbivory and found while 
concentrations of ferulic acid were increased they suspect reduction of herbivory was more 
likely due to toughness of the tissue associated with lignification (Mao et al. 2007).  
CaMV 35s promoter 
The Cauliflower Mosaic Virus (CaMV) 35s promoter has been shown to highly express 
desired sequences in most stages of plant development (Benfey et. al 1989). In the mid 80’s the 
first herbicide resistant transgenic plant was made using the CaMV 35s promoter to drive a 5-
enolpyruvylshikimate-3-phosphate synthase through Agrobacterium mediated transformation 
(Shah et al. 1986). Over the following 20-30 years the CaMV 35s promoter has become the 
most used plant promoter in plant biotechnology, including the most used plant promoter in 
transgenic crop species (Hull et al. 2000).  
The CaMV 35s promoter is derived from the cauliflower mosaic virus which infects 
members of the Cruciferae family. The integration of the CaMV 35s promoter into the nuclear 
genomes of plants has been shown to transiently express genes in both monocots and dicots 
(Fang et al. 1989). The CaMV 35s promoter consists of two domains; domain A which expresses 
strongly in early developmental root tissues and mature root tissue, and domain B expresses in 
nearly all other cell types (Benfey et al. 1989). Strong constitutive expression is achieved in 
transgenics when both domains are included in the transformation vector (Fang et al. 1989). 
Further transgene expression can be achieved by duplicating CaMV 35s sequences in the vector 
to enhance expression (Kay et al. 1987).  
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The CaMV 35s promoter can also used to determine functions or up regulate genes 
already present in a particular plant’s genome. Over expressing the PTLF genes in Populus by 
attaching a CaMV35s promoter caused infrequent flowering (Rottmann et al. 2000). 
Transforming Arabidopsis side by side with Populus allowed Rottmann to demonstrate the gene 
was functional and repeatedly caused early flowering. Over expression of the LFY gene in 
Populus caused plants to develop short bushy forms (Weigel and Nilsson 1995). Ascorbate 
peroxidase in Populus was over expressed using the CaMV 35s promoter helping to increase 
salt and drought stress as well as increasing root growth (Li et al. 2009).  
Possible causes for loss of transgene expression 
Consistency and stability of single copy transgene expression over time and generations 
can rely on numerous factors. Transgene or promoter methylation has been a suggested cause 
for variability or loss of transgene expression (Bettany et al. 1998, Brandle et al. 1995, Mishiba 
et al. 2005, 2010, Okumura et al. 2016). DNA methylation is the addition of a methyl group to 
the cytosine base influencing transcription by preventing transcription factor binding or 
creating silent chromatin structures (Mutskov and Felsenfeld 2004). Transgenic Genitiana 
plants underwent transgene silencing due to CaMV35s promoter methylation while tobacco 
lines with the same vectors expressed normally (Mishiba et al. 2005). Mishiba et al. 2010 
repeated this experiment and included several other promoter driven vectors for the Gentian 
transgenic lines and all lines showed stable expression that used other promoters than CaMV 
35s. This all occurred irrespective of positional effect and copy number of the insert. Similar 
CaMV 35s promoter specific silencing occurred in transgenic lettuce (Lactuca sativa) with a 
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single copy of CaMV35s promoter driven GFP gene (Okumura et al. 2016). This suggests that 
there can be species specific methylation of insert DNA in host plant genomes. Transgenic 
American chestnut could be susceptible to CaMV35s promoter methylation affecting transgene 
expression in individuals throughout the cloning and production process as well as their 
subsequent generations produced through outcrossing.  
Variation in transgene expression can also be found in clonal transgenic lines due to 
environmental stress and age. Transgenic potato exhibited large variation in transgene 
expression when micropropagated plantlets were planted in the field (Borkowska et al. 1995). 
Elkind et al. (1994) found transgenic tobacco plants with genes driven by the CaMV 35s 
promoter varied in GUS expression greatly and the variation could be statistically assigned to 
environmental influence when in a randomized block pattern.     
Transgene expression can also fluctuate as host plants age. Transgenic tillers of Festuca 
arundinacea grasses were vegetatively propagated and transgene expression of GUS driven by 
an actin 1 constitutive promoter was monitored (Bettany et al. 1998). GUS expression was 
unstable in the early generation of tillers and stabilized as more generations of tiller were 
produced from the mother plants. Testing was done to look for site specific methylation as seen 
with some species though no evidence of that was reported.    
Stable inheritance and expression of transgenes has also been shown to decrease in 
progeny in some instances. Transgenic lettuce plants with a CaMV 35s-BAR vector did not 
transmit herbicide resistance to their progeny but the plants transformed with the pea 
plastocyanin promoter were able to transfer to their offspring (McCabe et al. 1999). Another 
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study looked at expression levels of the transgene miraculin in lettuce plants. Expression 
decreased in the T1 and T2 generations when compared to the original T0 clonal line (Sun et al. 
2006). This also seems to be a species-specific interference as tomato plants transformed with 
the same vector used by Sun et al. 2006 stably expressed miraculin up to the T5 generation 
when compared to the original T0 clonal line (Yano et al. 2010).  
An oxalate oxidase transgene sourced from wheat, driven by the CaMV35s promoter, 
was used to develop a blight tolerant American chestnut tree (Zhang et al. 2013). This project 
addresses transcriptional and translational expression levels of the transgene oxalate oxidase in 
various transgenic American chestnut tissues. This is key to our understanding of transgene 
mRNA expression from the T0 clonal generation to subsequent generations as out crossing for 
genetic diversity becomes priority for the American chestnut research and restoration project.  
 
Literature Cited 
Alwine JC, Kemp DJ, Stark GR. Method for detection of specific RNAs in agarose gels by transfer 
to diazobenzyloxymethyl-paper and hybridization with DNA probes. Proceedings of the 
National Academy of Sciences. 1977;74(12):5350–5354. 
 
Anagnostakis SL. Chestnut Blight: The Classical Problem of an Introduced Pathogen. Mycologia. 




Benfey PN, Ren L, Chua N-H. The CaMV 35S enhancer contains at least two domains which can 
confer different developmental and tissue-specific expression patterns. The EMBO Journal. 
1989;8(8):2195–2202.   
 
Bettany AJ, Dalton SJ, Timms E, Morris P. Stability of transgene expression during vegetative 
propagation of protoplast-derived tall fescue (Festuca arundinacea Schreb.) plants. Journal of 
experimental botany. 1998;49(328):1797–1804. 
 
Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies DR, Gardner SL, Gerrish C, Minibayeva F. 
The apoplastic oxidative burst in response to biotic stress in plants: a three-component system. 
Journal of Experimental Botany. 2002;53(372):1367–1376. 
 
Borkowska M, Kleczkowski K, Pawelczak A, Wielgat B. Transformation of diploid potato with an 
Agrobacterium tumefaciens binary vector system: II. Stability of transformation in tubers, 
micropropagated and greenhouse grown plants. Acta Physiologiae Plantarum. 1995 [accessed 
2019 Nov 6];17(3).  
 
Brandle JE, McHugh SG, James L, Labbe H, Miki BL. Instability of transgene expression in field 





Brisson LF, Tenhaken R, Lamb C. Function of oxidative cross-linking of cell wall structural 
proteins in plant disease resistance. The Plant Cell. 1994;6(12):1703–1712. 
 
Burnham CR. The restoration of the American chestnut: Mendelian genetics may solve a 
problem that has resisted other approaches. American Scientist. 1988;76(5):478–487. 
 
Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista M, Mueller R, Nolan T, Pfaffl 
MW, Shipley GL, et al. The MIQE Guidelines: Minimum Information for Publication of 
Quantitative Real-Time PCR Experiments. Clinical Chemistry. 2009;55(4):611–622.  
  
Caliskan M, Turet M, Cuming AC. Formation of wheat (Triticum aestivum) embryogenic callus 
involves peroxide-generating germin-like oxalate oxidase. Planta. 2004;219(1):132–140.   
 
Cessna SG, Sears VE, Dickman MB, Low PS. Oxalic Acid, a Pathogenicity Factor for Sclerotinia 
sclerotiorum, Suppresses the Oxidative Burst of the Host Plant. The Plant Cell. 
2000;12(11):2191–2199.   
 
Davoine C, Le Deunff E, Ledger N, Avice J-C, Billard J-P, Dumas B, Huault C. Specific and 
constitutive expression of oxalate oxidase during the ageing of leaf sheaths of ryegrass stubble. 
Plant, Cell & Environment. 2001;24(10):1033–1043.  
 
Delisle G, Champoux M, Houde M. Characterization of Oxalate Oxidase and Cell Death in Al-




Donaldson PA, Anderson T, Lane BG, Davidson AL, Simmonds DH. Soybean plants expressing an 
active oligomeric oxalate oxidase from the wheat gf-2.8 (germin) gene are resistant to the 
oxalate-secreting pathogen Sclerotina sclerotiorum. Physiological and Molecular Plant 
Pathology. 2001;59(6):297–307.  
 
Dunwell JM, Gibbings JG, Mahmood T, Naqvi SMS. Germin and Germin-like Proteins: Evolution, 
Structure, and Function. Critical Reviews in Plant Sciences. 2008;27(5):342–375.   
 
Elkind Y, Nir B, Nadler-Hassar T. Quantitative analysis of the transgene variability among 
primary tobacco transformants. Transgenic Research. 1995;4(1):30–38.  
 
Fang RX, Nagy F, Sivasubramaniam S, Chua NH. Multiple cis regulatory elements for maximal 
expression of the cauliflower mosaic virus 35S promoter in transgenic plants. The Plant Cell. 
1989;1(1):141–150.   
 
Grąz M, Jarosz-Wilkołazka A, Janusz G, Mazur A, Wielbo J, Koper P, Żebracki K, Kubik-Komar A. 
Transcriptome-based analysis of the saprophytic fungus Abortiporus biennis – response to 




Hahlbrock K, Scheel D, Logemann E, Nürnberger T, Parniske M, Reinold S, Sacks WR, Schmelzer 
E. Oligopeptide elicitor-mediated defense gene activation in cultured parsley cells. Proceedings 
of the National Academy of Sciences. 1995;92(10):4150–4157. 
 
 Heid CA, Stevens J, Livak KJ, Williams PM. Real time quantitative PCR. Genome research. 
1996;6(10):986–994. 
 
Hu X, Bidney DL, Yalpani N, Duvick JP, Crasta O, Folkerts O, Lu G. Overexpression of a Gene 
Encoding Hydrogen Peroxide-Generating Oxalate Oxidase Evokes Defense Responses in 
Sunflower. Plant Physiology. 2003;133(1):170–181.   
 
Hull R, Covey SN, Dale P. Genetically modified plants and the 35S promoter: assessing the risks 
and enhancing the debate. Microbial Ecology in Health and Disease. 2000;12(1):1–5. 
 
Ilyas M, Rasheed A, Mahmood T. Functional characterization of germin and germin-like protein 
genes in various plant species using transgenic approaches. Biotechnology letters. 
2016;38(9):1405–1421. 
 
Jacobs DF, Dalgleish HJ, Nelson CD. A conceptual framework for restoration of threatened 
plants: the effective model of American chestnut (Castanea dentata) reintroduction. New 




Kay R, Chan AMY, Daly M, McPherson J. Duplication of CaMV 35S promoter sequences creates a 
strong enhancer for plant genes. Science. 1987;236(4806):1299–1302. 
 
Kumar K, Belur PD. New extracellular thermostable oxalate oxidase produced from endophytic 
Ochrobactrum intermedium CL6: Purification and biochemical characterization. Preparative 
Biochemistry & Biotechnology. 2016;46(7):734–739.   
 
Kumar V, Chattopadhyay A, Ghosh S, Irfan M, Chakraborty N, Chakraborty S, Datta A. Improving 
nutritional quality and fungal tolerance in soya bean and grass pea by expressing an oxalate 
decarboxylase. Plant Biotechnology Journal. 2016;14(6):1394–1405.   
 
Kurian P, Stelzig DA. Growth of and oxalic acid production by Cristulariella pyramidalis on 
selected culture media. Phytopathology. 1979;69(7):712–714. 
 
Laker MF, Hofmann AF, Meeuse BJ. Spectrophotometric determination of urinary oxalate with 
oxalate oxidase prepared from moss. Clinical Chemistry. 1980;26(7):827–830. 
 
Lane BG, Bernier F, Dratewka-Kos E, Shafai R, Kennedy TD, Pyne C, Munro JR, Vaughan T, 
Walters D, Altomare F. Homologies between members of the germin gene family in 
32inereal32y wheat and similarities between these wheat germins and certain Physarum 




Lane BG. Oxalate, germin, and the extracellular matrix of higher plants. The FASEB Journal. 
1994;8(3):294–301. 
 
Lane BG. Oxalate oxidases and differentiating surface structure in wheat: germins. Biochemical 
Journal. 2000;349(1):309–321.   
 
Lane BG. Oxalate, Germins, and Higher-Plant Pathogens. IUBMB Life. 2002;53(2):67–75.   
 
Lane BG, Dunwell JM, Ray JA, Schmitt MR, Cuming AC. Germin, a protein marker of early plant 
development, is an oxalate oxidase. Journal of Biological Chemistry. 1993;268(17):12239–
12242. 
 
Levine A, Pennell RI, Alvarez ME, Palmer R, Lamb C. Calcium-mediated apoptosis in a plant 
hypersensitive disease resistance response. Current Biology. 1996;6(4):427–437. 
 
Li J, Brunner AM, Meilan R, Strauss SH. Stability of transgenes in trees: expression of two 
reporter genes in poplar over three field seasons. Tree physiology. 2009;29(2):299–312. 
 
Liang H, Maynard CA, Allen RD, Powell WA. Increased Septoria musiva resistance in transgenic 





Livingstone DM, Hampton JL, Phipps PM, Grabau EA. Enhancing Resistance to Sclerotinia minor 
in Peanut by Expressing a Barley Oxalate Oxidase Gene. Plant Physiology. 2005;137(4):1354–
1362.   
 
Lu G. Engineering Sclerotinia sclerotiorum resistance in oilseed crops. African Journal of 
Biotechnology. 2003;2(12):509–516. 
 
Mäkelä MR, Hildén K, Lundell TK. Oxalate decarboxylase: biotechnological update and 
prevalence of the enzyme in filamentous fungi. Applied Microbiology and Biotechnology. 
2010;87(3):801–814.   
 
Mao J, Burt AJ, Ramputh A-I, Simmonds J, Cass L, Hubbard K, Miller S, Altosaar I, Arnason JT. 
Diverted secondary metabolism and improved resistance to European corn borer (Ostrinia 
nubilalis) in maize (Zea mays L.) transformed with wheat oxalate oxidase. Journal of agricultural 
and food chemistry. 2007;55(7):2582–2589. 
 
Maxwell DP. Oxalate formation in Whetzelinia sclerotiorum by oxaloacetate acetylhydrolase. 
Physiological Plant Pathology. 1973;3(2):279–288.  
 
McCabe MS, Schepers F, Van der Arend A, Mohapatra U, De Laat AMM, Power JB, Davey MR. 
Increased stable inheritance of herbicide resistance in transgenic lettuce carrying a petE 
35 
 
promoter-bar gene compared with a CaMV 35S-bar gene. Theoretical and applied genetics. 
1999;99(3–4):587–592. 
 
Mishiba K, Nishihara M, Nakatsuka T, Abe Y, Hirano H, Yokoi T, Kikuchi A, Yamamura S. 
Consistent transcriptional silencing of 35S-driven transgenes in gentian. The Plant Journal. 
2005;44(4):541–556. 
 
Mishiba K, Yamasaki S, Nakatsuka T, Abe Y, Daimon H, Oda M, Nishihara M. Strict De Novo 
Methylation of the 35S Enhancer Sequence in Gentian. Meyer P, editor. PloS ONE. 
2010;5(3):e9670.  
 
Mutskov V, Felsenfeld G. Silencing of transgene transcription precedes methylation of promoter 
DNA and histone H3 lysine 9. The EMBO Journal. 2004;23(1):138–149.   
 
Newhouse JR. Chestnut blight. Scientific American. 1990;263(1):106–111. 
 
Noyes RD, Hancock JG. Role of oxalic acid in the Sclerotinia wilt of sunflower. Physiological Plant 
Pathology. 1981;18(2):123–132.   
 
Okumura A, Shimada A, Yamasaki S, Horino T, Iwata Y, Koizumi N, Nishihara M, Mishiba K. 





Peng M, Kuc J. Peroxidase-generated hydrogen peroxide as a source of antifungal activity in 
vitro and on tobacco leaf disks. Phytopathology. 1992;82(6):696–699. 
 
Purdy L. Sclerotinia sclerotiorum: history, diseases and symptomatology, host range, geographic 
distribution, and impact. Phytopathology. 1979;69:875–880. 
 
Ramputh AI, Arnason JT, Cass L, Simmonds JA. Reduced herbivory of the European corn borer 
(Ostrinia nubilalis) on corn transformed with germin, a wheat oxalate oxidase gene. Plant 
Science. 2002;162(3):431–440.   
 
Rao DV, Tewari JP. Production of oxalic acid by Mycena citricolor, causal agent of the American 
leaf spot of coffee. Phytopathology. 1987;77(6):780–785. 
 
Rottmann WH, Meilan R, Sheppard LA, Brunner AM, Skinner JS, Ma C, Cheng S, Jouanin L, Pilate 
G, Strauss SH. Diverse effects of overexpression of LEAFY and PTLF, a poplar (Populus) homolog 
of LEAFY/FLORICAULA, in transgenic poplar and Arabidopsis. The Plant Journal. 2000;22(3):235–
245.  
 
Schweizer P, Christoffel A, Dudler R. Transient expression of members of the germin-like gene 





Sellner LN, Turbett GR. Comparison of three RT-PCR methods. BioTechniques. 1998;25(2):230–
234. 
 
Shah DM, Horsch RB, Klee HJ, Kishore GM, Winter JA, Tumer NE, Hironaka CM, Sanders PR, 
Gasser CS, Aykent S. Engineering herbicide tolerance in transgenic plants. Science. 
1986;233(4762):478–481. 
 
Smith DM. American Chestnut: Ill-fated Monarch of the Eastern Hardwood Forest. Journal of 
Forestry. 2000;98(2):12–15.  
 
Stone HE, Armentrout VN. Production of Oxalic Acid by Sclerotium cepivorum during Infection 
of Onion. Mycologia. 1985;77(4):526–530.  
 
Sun H-J, Cui M, Ma B, Ezura H. Functional expression of the taste-modifying protein, miraculin, 
in transgenic lettuce. FEBS letters. 2006;580(2):620–626. 
 
Thordal-Christensen H, Zhang Z, Wei Y, Collinge DB. Subcellular localization of H2O2 in plants. 
H2O2 accumulation in papillae and hypersensitive response during the barley—powdery 




Vandermast DB, Van Lear DH. Riparian vegetation in the southern Appalachian mountains (USA) 
following chestnut blight. Forest Ecology and Management. 2002;155(1):97–106. (Forest 
Ecology in the next Millennium : Putting the long view into Practice).  
 
VanGuilder HD, Vrana KE, Freeman WM. Twenty-five years of quantitative PCR for gene 
expression analysis. BioTechniques. 2008;44(5):619–626.  
 
Volk GM, Lynch-Holm VJ, Kostman TA, Goss LJ, Franceschi VR. The Role of Druse and Raphide 
Calcium Oxalate Crystals in Tissue Calcium Regulation in Pistia stratiotes Leaves. Plant Biology. 
2002;4(1):34–45.  
 
Walz A, Zingen-Sell I, Loeffler M, Sauer M. Expression of an oxalate oxidase gene in tomato and 
severity of disease caused by Botrytis 38inereal and Sclerotinia sclerotiorum. Plant Pathology. 
2008;57(3):453–458.  
 
Wang AM, Doyle MV, Mark DF. Quantitation of mRNA by the polymerase chain reaction. 
Proceedings of the National Academy of Sciences. 1989;86(24):9717–9721. 
 





Wei Y, Zhang Z, Andersen CH, Schmelzer E, Gregersen PL, Collinge DB, Smedegaard-Petersen V, 
Thordal-Christensen H. An epidermis/papilla-specific oxalate oxidase-like protein in the defence 
response of barley attacked by the powdery mildew fungus. Plant Molecular Biology. 
1998;36(1):101–112.  
 
Weigel D, Nilsson O. A developmental switch sufficient for flower initiation in diverse plants. 
Nature. 1995;377(6549):495. 
 
Welch A, Stipanovic A, Maynard C, Powell W. The effects of oxalic acid on transgenic Castanea 
dentata callus tissue expressing oxalate oxidase – ScienceDirect. Plant Science. 2006;172:488–
496. 
 
Wojtaszek P. Oxidative burst: an early plant response to pathogen infection. Biochemical 
Journal. 1997;322(3):681–692.  
 
Yano M, Hirai T, Kato K, Hiwasa-Tanase K, Fukuda N, Ezura H. Tomato is a suitable material for 
producing recombinant miraculin protein ingenetically stable manner. Plant Science. 
2010;178:469–473. 
 
Zhang Z, Collinge DB, Thordal-Christensen H. Germin-like oxalate oxidase, a H2O2-producing 





Zhao S, Consoli U, Arceci R, Pfeifer J, Dalton WS, Andreeff M. Semi-automated PCR method for 
quantitating MDR1 expression. BioTechniques. 1996;21(4):726–731. 
 
Zhao S, Consoli U, Arceci R, Pfeifer J, Dalton WS, Andreeff M. Semi-automated PCR method for 
quantitating MDR1 expression. BioTechniques. 1996;21(4):726–731. 
 
Zhu-Salzman K, Luthe DS, Felton GW. Arthropod-inducible proteins: broad spectrum defenses 












Chapter II: Oxalate Oxidase Quantification in Transgenic American 







 American chestnut (Castanea dentata) was once a dominant tree species in eastern 
United States forests. It was all but eradiated in the 20th century by an introduced fungal 
pathogen from Asia, Cryphonectria parasitica, and now survives in the wild through stump 
sprouting. Its susceptibility to this fungal pathogen rarely allows it to reach sexual reproductive 
maturity meaning this species will likely become extinct without intervention. Restoration 
efforts have led to the development of a blight-tolerant transgenic American chestnut 
containing the wheat oxalate oxidase gene. The aim of this study was to determine oxalate 
oxidase quantities in various transgenic American chestnut tissues and compare them with 
levels found in endogenous cereal sources from which the gene was sourced. This would allow 
us to continue with our federal regulatory petitions to the USDA, FDA, and EPA and allow a 
nationwide restoration effort to begin. Oxalate oxidase levels were approximately 100-fold 
greater in our transgenic American chestnut tissues when compared with cereal sources. There 
was no significant difference between OxO protein content in different transgenic event stem 
tissues, which had a 3-fold difference in mRNA expression levels. This suggests that there can 
be a wide variation in mRNA expression that result in the same average oxalate oxidase present 
in transgenic American chestnut tissues.  With variation in expression not resulting in differing 
OxO quantities in transgenic American chestnut tissues, we can expand our founder events for 







Oxalate oxidase (OxO) is an enzymatic protein that belongs to the germin and germin-
like proteins (GLPs) family of genes found in all plants (Dunwell et al 2008). OxOs are in the GLP 
reactive oxygen species subgroup of hydrogen peroxide generating enzymes. OxO was first 
reported by Zaleski and Reinhard in 1912 in powdered wheat grains. Later in the century, OxOs 
were described in true cereals such as wheat (Triticum) (Table 1), barley (Hordeum) corn (Zea), 
rye (Secale), rice (Oryza), and oat (Avena) (Lane et al. 1993 Lane 2002). These true cereal OxOs 
were dubbed germin-OxOs to distinguish them from OxOs found in other plants (Lane 2002). 
OxOs are not limited to true cereals. OxO isoforms have been found in a variety of plant 
families, i.e mosses (Laker et al. 1980), shellflower (Pistia stratiotes) (Volk et al. 2002), beet, 
spinach, and banana (Lane 2002). OxOs are not limited to plants, they have also been found in 
several fungal species and endophytic bacterium (Graz et al. 2016, Mäkelä et al. 2010, Kumar 
and Belur 2016). 
Table 1: Oxalate oxidase nucleotide and amino acid sequence. Enzyme ID-gf 2.8 
Sequence 
Type 
Length  Sequence 




















Germin-OxO is a primary constituent of germinating wheat embryos where it is 
glycosylated to the cell wall providing hydrogen peroxide necessary for cross-linking reactions 
that help in cell wall expansion and lignification (Lane et al. 1993; Lane2002). This hydrogen 
peroxide generation via germin-OxO allows for tissue remodeling in germinating embryos and 
seeds. OxO facilitates wheat embryo water uptake as it undergoes its fastest growth period 
throughout its lifecycle (Lane 1993; Lane 1991; Caliskan et al. 2004).   
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OxO can be used by plants as a method of accessing stored Ca2+ for periods of stress and 
senescence (Davoine et al. 2001; Volk et al. 2002). A natural resting, stable storage molecule for 
Ca2+ is calcium oxalate which historically was considered a final waste product of the plant 
metabolism (Davoine et al. 2001). In rye grass calcium oxalate crystals are stored mainly in the 
vacuoles and are used in senescence of leaf sheaths (Davoine et al. 2001). As rye leaf sheaths 
age OxO activity increases breaking down stored calcium oxalate. The Ca2+ and H2O2 produced 
signals induction of senescence in the leaf sheaths (Davoine et al. 2001). It was also found that 
older and more vulnerable leaf sheaths had higher concentrations of stored calcium oxalate 
crystals in their vacuoles (Davoine et al. 2001). As the leaf sheaths progressed through 
senescence H2O2 concentrations increased causing a hypersensitive response (Davoine et al. 
2001).  
Volk et al. 2002 looked at calcium oxalate crystal formation and breakdown in Pistia 
stratiotes leaves based on calcium availability. When grown in calcium starved environments, 
calcium oxalate crystals in Pistia stratiotes disappeared while plants grown in calcium rich 
environments had large crystal formations in their tissues (Volk et al. 2002). Tagging of OxO 
enzymes through TEM analysis found high concentrations of OxO in tissues in calcium stressed 
environments with relatively low concentrations of OxO in calcium rich environments. 
Increased expression of OxO in calcium starved plants suggests a definitive role of OxO for 
mediating cytosolic and apoplastic Ca2+ concentrations as well as mediate toxic levels of calcium 
oxalate build up (Volk et al. 2002). 
There are several studied roles OxO enzymes have in plant systems that made it an 
excellent candidate for resistant transgenic American chestnut (Castanea dentata). Germin-
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OxOs and OxO isoforms increase fungal pathogen resistance in plants through several means. 
The most obvious being the detoxification of many fungal pathogens' main virulent agent 
oxalate (oxalic acid) (Lane 2002). Fungal pathogens I.e Sclerotinia sclerotiorum (Livingstone et 
al. 2005; Maxwell 1973; Noyes and Hancock 1981), Mycena citricolor (Rao and Tewari 1987), 
Cristulariella pyramidalis (Kurian and Stelzig 1979), Septoria musiva (Liang et al. 2001), and 
Sclerotium cepivorum (Stone and Armentrout 1985), are known to secrete oxalic acid as a 
means of invasion for their plant hosts. Oxalic acid progresses infection by facilitating cell wall 
degrading enzyme activity by altering the pH, causing cell death through acidification, 
sequesters Ca2+, and suppresses oxidative burst needed for plant pathogen resistance 
(Livingstone et al. 2005; Cessna et al. 2000). Anagnostakis 1987 describes virulent strains of 
Cryphonectria parasitica excreting oxalic acid. This acid chelates and removes calcium from the 
cell walls and acidifies the ambient pH, killing plant cells allowing the mycelium to the progress 
through the necrotic tissue (Anagnostakis 1987). Chen et al. 2010 knocked out the oxalic acid 
producing gene oxaloacetate acetylhydrolase from C. parasitica which cause the fungus to lose 
its virulence. Transforming American chestnut with the wheat OxO allows the transgenic 
American chestnut to detoxify the main virulent agent of C. parasitica.  
OxO break down of oxalic acid may provide another means of resistance through the 
generation of reactive oxygen species (H2O2). Hydrogen peroxide and other active oxygen 
species have been found to play an important role in plant defense responses (Wojtaszek 
1997). In low concentrations H2O2 can act as one of the primary transducers of general plant 
defense responses as it is rapidly diffusible (Lane 1994; Thordal-Christensen 1997). H2O2 is 
transmitted through the transpiration stream of plant upon wounding eliciting the defense 
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response (Lane 1994; Thordal-Christensen 1997; Lane 2000). As concentrations of H2O2 rise in 
pathogen stressed tissues an oxidative burst is created facilitating the modification of plant cell 
walls through peroxidase-catalyzed cross-linking of polymers (Brisson et al. 1994). The rapid 
oxidative cross-linking of these polymers in the cell wall creates a physical barrier much more 
resilient to fungal pathogen invasion than normal cell wall structure (Brisson et al. 1994). This 
physical barrier allows for slower transcription-based defense response like lytic enzymes, 
general antimicrobial proteins, and phytoalexins to begin working (Brisson et al. 1994; Bolwell 
et al. 2002).  
Reactive oxygen species also have antimicrobial properties on their own, inhibiting 
fungal growth directly, or by secondarily generating reactive free radicals that are antimicrobial 
(Peng and Kuc 1992). At the highest concentrations of active oxygen species, the hosts plant 
cells are locally triggered to undergo programmed cell death via a hypersensitive response 
(Thordal-Christensen 1997; Brisson et al. 1994; Delisle et al. 2001). These heavily lignified, H2O2 
saturated dead cells serve one final purpose in the defense response by acting as a trap, not 
allowing the fungal pathogen to pass easily while also creating a toxic environment without 
nourishment (Brisson et al. 1994). Germin-OxOs and OxO isoforms ability to convert oxalic acid 
into H2O2 provides a distinct advantage to the host organism susceptible to an oxalic acid 
secreting fungal pathogen.  
Ca2+ sequestration by oxalic acid secreting pathogens also affects the host plant 
pathogen response.  Elicitors from fungal pathogens initiate fluxes in cytosolic and exocellular 
ions in conjunction with active oxygen species (H2O2) (Hahlbrock et al. 1995). Cytosolic Ca2+ and 
H2O2 were shown rise together in concentration in response to pathogen invasion (Levine et al. 
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1996). Ca2+ influx helps to sustain the oxidative burst of H2O2 needed for cell wall lignification as 
well as the hypersensitive response if necessary (Levine et al. 1996). While H2O2 production 
frees up Ca2+ ions for this feedback loop associated with fungal disease response (Cessna et al. 
2000). Oxalates extreme affinity for Ca2+ has been suggested to hinder the sustained oxidative 
burst needed for pathogen resistance (Lane et al. 1994; Davoine et al. 2001; Cessna et al. 
2000;). Cessna et al. 2000 concludes that oxalate does not inhibit H2O2 production directly 
through Ca2+ sequestration once the oxidative burst has already been triggered. They propose 
that oxalate interrupts initiation of oxidative burst signaling by altering the function of one or 
more relevant kinases. This binding of Ca2+ may also weaken plant barriers by taking stabilizing 
cations from the cell walls (Cessna et al. 2000). By using wheat OxO in our transgenic American 
chestnuts to breakdown Ca-oxalate, Ca2+ is freed up to re-stabilize cell walls and resume its 
stress or pathogen related cell signaling.  
Oxalate oxidase RNA expression in our lead events have been tested before many times 
in all stages of growth in our clonal lines (Zhang et al.2013). Expression between our two lead 
events SX54 and SX58 is consistent relative to our SX215 resistance control. SX215, SX54, and 
SX58 are individual transformants with the CaMV-35s-OxO vector all within the same clonal 
background. For our USDA, EPA, and FDA reviews for regulatory approval status, oxalate 
oxidase tissue concentrations needed to be calculated relative to natural sources. It is 
important to understand how oxalate oxidase levels in our transgenic tissues compare to 
natural sources of oxalate oxidase especially because the ultimate goal is to reintroduce the 
American chestnut to its natural range. Since the transgene OxO in our transgenic American 
chestnuts is driven by a constitutive CaMV35s promoter it is expected that OxO enzyme 
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concentrations will be significantly higher than that of endogenous cereal sources. OxO 




Transgenic American Chestnut Stem Tissue Preparation for RNA Extraction 
Tissue culture derived plantlets were acclimatized and grown in the greenhouse (Oakes 
et al. 2016). Young woody stems were collected from the greenhouse grown plants and stored 
in the -80oC freezer until RNA extractions. All plant stems were collected from trees that had 
spent approximately 5 months out of tissue culture and in the greenhouse.  
RNA extraction protocol 
 This protocol was adapted from Chang et al. 1993 and Gambino et al. 2008. RNA was 
extracted via CTAB buffer (2% CTAB (Sigma Aldrich St. Louis MO), 2% PVP-40 (Sigma Aldrich St. 
Louis MO), 2M NaCl (Sigma Aldrich St. Louis MO), 100mM Tris-HCL (Sigma Aldrich St. Louis MO) 
pH 8 with NaOH, 25mM EDTA (Sigma Aldrich St. Louis MO) pH 8 with NaOH, autoclave for 20 
minutes at 121oC. Add 0.5g/L of Spermidine when cooled) method. The frozen stems were 
ground under liquid nitrogen in a 6870 SPEX freezer mill (Table 7) and 150 mg of powdered 
sample was used per extraction. Samples were run through multiple chloroform extractions 
before pelleting in 3M LiCl. RNA pellets were washed in SSTE (10mM Tris-HCL pH 8, 1mM EDTA 
pH 8, 1% SDS, 1M NaCl, autoclaved) and run through one final chloroform extraction. After 
51 
 
pelleting again in isopropyl alcohol, pellets were washed in ethanol and air dried. RNA was 
reconstituted in 50ul of DEPC treated water and RNA quality and quantity was checked on 
Nanodrop (Thermo Scientific ND-2000. Waltham, MA). 
RNA expression  
 A Bio-Rad iScript cDNA synthesis kit (Bio-Rad 1725034, Hercules CA) was used to 
synthesize cDNA from the RNA samples. Consistent 900ng of template RNA was used for each 
cDNA reaction. Reaction protocol followed kit instructions except for the reverse transcription 
step was increased to 25 minutes. This was done in Bio-Rad Mj Mini personal thermocycler 
(Bio-Rad MM007917, Hercules CA). 
 RNA expression reactions used iTaq Universal SYBR Green (Bio-Rad 1725120, Hercules 
CA) for the master mix in the 20ul well reactions. Each biological sample was done in triplicate 
for the reference gene primer sets actin, EF1 (elongation factor 1), and the gene of interest 
oxalate oxidase (OxO) (see Table 2 for primer sequences). Reference gene optimization was 
done in previous work (Baier 2009). Primer efficiency was confirmed via standard curves for 
each candidate gene and gene of interest (Figure 31-Figure 34 ). Amplification was carried out 
in a Bio-Rad MJ Mini-Opticon real time qPCR instrument (Bio-Rad, Hercules CA). 
Table 2: qPCR primers for gene of interest oxalate oxidase and the reference gene actin 
Primer Pair Forward Primer 5’ to 3’ Reverse Primer 3’ to 5’ 
Actin CCTTGCTGGTCGTGATCTC GTCTCAAGTTCCTGGCTCATAGTC 
Elongation Factor 1 CGGTTACTGAGTACTAGCCTTG CTGCCGAAGACCTTATTGAAAG 
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Transgenic nut core tissue preparation 
American chestnuts were gathered from controlled pollination crosses at the end of the 
2016 growing season. Transgenic American chestnut pollen sourced from the SX54 and SX58 
clones were applied to wild type American chestnuts in the field. Flowers were bagged prior to 
flower maturation to ensure no wild type pollen contaminated the female flowers. The hand 
pollinated female flowers were then recovered in their pollen bag and collected during 
chestnut harvest. Mature chestnuts were labeled and separated into bags with moist 
sphagnum depending on their lineage. Parental lineage, bag number, and nut core 
identification codes can be seen in Table 3. 
 Table 3: Controlled pollination lineage data with corresponding tube codes. Maternal trees are 
wild type American chestnuts that were hand pollenated with transgenic pollen. Darling 54 
(SX54) and darling 58 (SX58) are two different transgenic events sourced from the same clonal 
founder line Ellis. 
 Mother (wild-type) Father (transgenic) Bag #  Tube code  
Crumhorn/ McCabe Plot Darling 58 14 1 
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Crumhorn/ McCabe Plot Darling 54 19 2 
Crumhorn/ McCabe Plot Darling 54 21 3 
F9T2 Darling 54 n/a 4 
F9T2 Darling 58 n/a 5 
Crumhorn/McCabe plot Darling 58 15 6 
Crumhorn/McCabe plot Darling 58 15 7 
Crumhorn/McCabe plot Darling 54 20 8 
Crumhorn/McCabe plot Darling 54 20 9 
Crumhorn/McCabe plot Darling 58 11 10 
Crumhorn/McCabe plot Darling 58 11 11 
F2T2 Darling 58 47 12 
F2T2 Darling 58 47 13 
F2T2 Darling 58 47 14 
F2T2 Darling 58 47 15 
F2T2 Darling 58 47 16 
F2T2 Darling 58 47 17 




Coring of Chestnuts for Transgene inheritance testing 
 Chestnut from transgenic crosses were dipped into 50% ethanol and dried in the laminar 
flow hood for surface sterilization. Cores were taken from the bottom of each nut (Figure 5) 
using BD precision glide needles with a 1.6mm diameter (Benton, Dickinson and Company, 
Franklin Lakes NJ). The cores were made perpendicular to where the radicle emerges, and as far 
down as possible while still getting a solid endosperm core. This ensured that the embryo was 
not damaged, and the nut could still germinate. The entry site was then sealed with silicon glue 
(DAP All-purpose sealant Baltimore MD) to limit contamination within the nut and put back into 
their respective bags.  
 Each nut core had two ½mm sections cut from it and used for the histochemical oxalate 
oxidase assay to determine which chestnuts inherited the transgene (Figure 7). The remainder 
of the nut cores were put into respective tubes (see Table 3), lyophilized, and stored at -80oC 




Histochemical assay to test for transgene inheritance in nut crosses 
 
Figure 4: Oxalate oxidase histochemical reaction. Tissues that contain the oxalate oxidase gene 
produce a dark blue/black color. Tissues with no oxalate oxidase do not produce a color change. 
The ½mm sections collected from each nut core were then tested for OxO inheritance 






Table 4: Staining Solution for oxalate oxidase histochemical detection. Adapted from Dumas et. 
al. 1995
   
Reagents Per 100ml Final Concentration 
10x Succinate buffer (pH 4) 10ml 1X 
Oxalic acid  27mg 2.5mM 
dH2O 40ml  





Table 5:Control Staining solution for oxalate oxidase histochemical detection. Adapted from 
Dumas et. al. 1995 
Reagents Per 100ml Final Concentration 
10x Succinate buffer (pH 4) 10ml 1X 
dH2O 40ml - 







 Two 2ml microcentrifuge tubes were labeled, one "+" (for staining solution) and one "–" 
(for control solution) for each 1/2mm section of core being tested and filled with 1ml of their 
respective solutions. Tubes were covered with foil and allowed to stain for 4 hours before 
imaging on a Nikon dissecting scope. The cores in the positive solution that turned entirely or 
partially black (Figure 7) were labeled as transgenic nuts and the remainder of the transgenic 
nut core were lyophilized for 24 hours and stored at -80oC until used in oxalate oxidase 
quantification assay.  
 
Figure 5: Example of cores of a chestnut for histochemical assays and OxO quantification.  
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Transgenic American Chestnut Tissue Preparation 
Six potted transgenic American chestnuts were selected from both lead events SX54 and 
SX58. Each plant had been fully acclimatized to greenhouse conditions and were of the same 
age and roughly the same size. Stems, leaves and roots were separated from each plantlet and 
ground in a 100g grinding tubes for a 6870 Freezer/mill. Leaves and roots were put into the 
grinding tubes. Stems were cut with scissors into 2mm pieces and put into grinding tubes.  
Wheat products (Table 6) were treated the same as transgenic tissues and the same grinding 
program was used (Table 7). 
After grinding, the plant tissue was deposited in to 15ml falcon tubes, labeled and 
lyophilized for 24 hours before being stored in -80oC freezer until further testing.   
Table 6: Natural Wheat controls and source 
Type of Wheat Source 
Erie soft red wheat seed Mark Sorrels Cornell University  
Medina soft white wheat seed Mark Sorrels Cornell University  
NuEast hard red wheat seed Mark Sorrels Cornell University  
Red Mill Wheat Germ Wegmans Fayetteville NY 
Shiloh Farms Coarse Wheat Wegmans Fayetteville NY  
Shiloh Farms Millers Bran Wegmans Fayetteville NY 
Red Mill Organic Whole Wheat Flour Wegmans Fayetteville NY 




Table 7: 6870 SPEX freezer/mill grinding programs for plant tissue. Model number: 6870115. 
Metuchen NJ, 08840 
Program Specs. Leaf, Root, and Wheat  Grinding Program 
Stem Grinding 
Program 
Cycles  2 3 
Precool 3 minutes  3 minutes 
Run Time 3 minutes 3 minutes 
Cool Time  2 minutes 2 minutes 
Rate 15 cycles per second 15 cycles per second 
 
 
Oxalate Oxidase colorimetric quantification assay 
 Oxalate oxidase needs to be quantified in transgenic American chestnut tissues as well 
as wheat sources. A quantitative colorimetric assay was used to measure hydrogen peroxide 
output as a function of oxalate oxidase quantity within differing tissues (adapted from Zhang et 
al. 1996, Lane 2000, and Li et al. 2015). Quantitative assay solution (QAS): 40mM succinate 
acid/NaOH (pH3.8), 60%(v/v) EtOH, 2mM Oxalic acid, 5 units/ml of horseradish peroxidase 
(Sigma Aldrich St. Louis MO), 20μl/100ml of N,N-dimethylaniline (Sigma Aldrich St. Louis MO), 
8mg/100ml of 4-aminoantipyrine (Sigma Aldrich St. Louis MO). Control quantitative assay 
solution: 40mM succinate acid/NaOH (pH3.8), 60%(v/v) EtOH, 5 units/ml of horseradish 




Table 8: Standard curve stock and final concentrations for the quantitative assay solutions 
(QAS). Oxalate oxidase stock sourced from Roche labs (Germany).  
Oxalate Oxidase Stock concentration Final concentration QAS 
600 μg/ml 24 μg/ml 
450 μg/ml 18 μg/ml 
337.5 μg/ml 13.5 μg/ml 
253.13 μg/ml 10.125 μg/ml 
189.84 μg/ml 7.6 μg/ml 
 
Transgenic American chestnut tissue and wheat sources were measured and placed in 
DNA lysing A matrix tubes with ceramic ball and quartz sand. Amount of tissue used to make 
homogenate for QAS testing varied by the tissue type. Wheat sources needed between 50-
100mg of tissue to be in the range of the assay while transgenic tissue needed only 15-25mg. 
Plant material homogenate was made using 1.6ml of 40mM succinate acid buffer (pH3.8) and 
homogenized using a fast prep 120 (Qbiogene Inc. Carlsbad, CA) at 55hz for 45 seconds. A 
standard curve was set up using a purified barley oxalate oxidase source from Roche Labs 
(Table 8). For each standard curve value one control solution tube for blank was used with 
three quantitative assay solution tubes. Tissues being tested had one control tube with five 
quantitative assay solution tubes. Each tube had 40μl of either barley OxO standard or sample 
homogenate added, then incubated at room temperature on a tube rotator for one hour. Each 
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tube reaction was stopped with 20μl of 1M NaOH, vortexed, and spun down for 5 minutes at 
13,200 rpm at 4oC. Reactions absorbance were then read on a BioRad smart spec plus at 
555nm. Calculations were done to report OxO in units of μg of OxO/ mg of dry weight plant 
tissue.  
Statistical analysis 
ANOVA found that F=11.353, p=7.34 e-7, showing a significant difference between OxO 
quantites in transgenic chestnut tissues (see Table 14 in appendices for ANOVA table) , so 
a tukey test was performed. Oxalate oxidase quantity replicates were grouped by tissue type 
and ran through a Tukey honest significant difference test to determine whether there were 
significant difference between tissue types. ANOVA found that F=52.21, p=2.2 e-16, showing a 
significant difference between OxO quantites in transgenic nut tissues and endogenous cereal 
sources (see Table 15 in appendices for ANOVA table), so a tukey test was performed. 
Transgenic endosperm tissue was grouped by mother tree and compared to endogenous 
sources to determine if they were statistically significantly different. Data was analyzed using R 
version 3.5.3 (Great Truth) (R Core Team 2020). The lm and anova functions were used to check 
for statistical significant between treatments, within the package agricolae (version 1.3-1), 
function HSD.test was used to determine Tukey Honest Significant Difference (Mendiburu 





SX215 is our transgenic event whose expression of oxalate oxidase represents the 
approximate threshold between intermediate levels of resistance and higher levels like Chinese 
chestnut controls in our bioassays (Zhang et al. 2013). SX58 relative RNA expression is 
approximately 3 fold greater than SX54 when comparing to our SX215 control (Figure 6).  
 
Figure 6: Oxalate oxidase RNA expression in stems of transgenic American chestnut events 
measured by RT-qPCR. Ellis is the non-transgenic control. SX215 is the resistance threshold 
control. SX54 and SX58 are the two resistant lead transgenic American chestnut events. Error 
bars +/- the standard error of the mean.  
The oxalate oxidase histochemical assay of transgenic nut tissue (Figure 7) was 





























inherited the transgene. Figure 7 shows the inheritance of the transgene oxalate oxidase 
indicated by dark coloration in the left core piece. Those that did not inherit the transgene 
remained white (Figure 8). The remainder of the transgenic chestnut core was used for oxalate 
oxidase quantification (Figure 9). 
 
Figure 7: Example of an oxalate oxidase positive histochemical assay using SX58 T1 chestnut 
core tissue. Left is from the "+" tube containing oxalic acid and right is from the "-" tube, same 
reaction mix only without any oxalic acid. From a SX58 pollen cross with wild type American 




Figure 8: Example of an oxalate oxidase negative histochemical assay using SX58 T1 chestnut 
core tissue.  Left is from the "+" tube containing oxalic acid and right is from the "-" tube, same 
reaction mix only without any oxalic acid.  From a SX58 pollen cross with wild type American 




Figure 9: Oxalate oxidase quantities in transgenic tissues (ug of OxO/mg of dry weight tissue).  
SX58 is Darling 58; SX54 is included for comparison of another event expressing the p35S-OxO 
vector.  Six different trees were used for replicates of each tree tissue. Different letters represent 
statistically significant different means via the Tukey HSD test. 
Oxalate oxidase was quantified in transgenic American chestnut tissues and edible 
cereal grain sources via the OxO colorimetric quantification assay. Figure 9 shows oxalate 
oxidase in transgenic American chestnut tissues. Differences in oxalate oxidase concentration 
occurred based on tissue type rather than event and or RNA transcript expression. Figure 10 
show oxalate oxidase quantities in processed wheat barley and rye sources. There is 
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approximately a 100-fold difference between the transgenic tissues and the natural cereal grain 
sources. 
 
Figure 10: Oxalate oxidase quantities in transgenic American chestnut endosperm tissue and 
edible oxalate oxidase source controls (sources with endogenous OxO activity) (ug of OxO/mg of 
dry weight tissue). Different letters represent statistically significantly different means via the 
Tukey HSD test.   
Discussion 
 In this paper, oxalate oxidase is quantified in transgenic American chestnut tissues and 
compared with natural sources of oxalate oxidase. Methods initially described to quantify 
oxalate oxidase activity in Sugiura et al. 1979 use the hydrogen peroxide product to affect a 





























improved upon by increasing sensitivity of the assay by Zhang et al. 1996 and has been used to 
quantify oxalate oxidase in various plants from wheat embryos to other cereal crops such as 
barley (Caliskan et al. 2004, Livingstone et al. 2005). Using this method, we were able to 
compare early screening RNA expression studies with actual oxalate oxidase tissue quantities in 
clonal T0 events.  
 Due to a lack of plant material, especially with transgenic nut tissue, oxalate oxidase 
purification could not be performed for quantification as done in other studies (Caliskan et al. 
2004, Davione et al. 2001, Livingstone et al. 2005). Oxalate oxidase measurements were taken 
from plant material homogenate directly. When comparing tissue types from our two different 
lead transgenic events (SX54 and SX58) no significant difference were found in oxalate oxidase 
quantity (Figure 9).  There was a significant difference between oxalate oxidase quantities in T1 
nut tissue when compared with the other three transgenic tissues as well as between root and 
leaf tissues. These findings are not consistent with our hypothesis that the SX58 tissues would 
have higher relative concentrations of oxalate oxidase  
RNA expression studies are used as an early screening tool to determine whether 
particular transgenic American chestnut events have a likelihood of being blight resistant. It has 
been hypothesized that higher expresser of oxalate oxidase should produce more oxalate 
oxidase leading to a more resistant transgenic American chestnut. Stem tissue was used for the 
oxalate oxidase expression study as oxalate oxidase levels because the stem is the natural site 
of infection for Cryphonectria parasitica. The SX54 event has approximately 25 fold higher 
expression of OxO that our SX215, while the SX58 has approximately 75 fold higher expression 
(Figure 6). This shows a 3-fold difference in expression between the SX58 and SX54 transgenic 
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events. These events were transformed with the same CaMV35s driven oxalate oxidase vector 
(including SX215 the resistant control). Agrobacterium-meditated transformations can vary 
greatly between events (Gelvin 2017). Single insertion events can vary greatly in transgene 
expression even under the same promoter. This is most likely attributed to positional effects 
which reflect the transcriptional variation of the chromatin where the transgene was inserted 
(Gelvin 2017). This would explain the variation in RNA expression seen in the gene study (Figure 
6) though it doesn’t explain how such drastic oxalate oxidase expression differences result in no 
significant difference of oxalate oxidase quantity in stem tissues. 
The CaMV 35s promoter, while being a very strong constitutive promoter, is known to 
express differently in different plant tissues. Benfey et al. 1989 describes two domains of the 
CaMV 35s promoter. Domain A which confers expression to the root tissues, and domain B 
which confers a majority of expression in the shoots and leaves though when plants are only 
transformed with domain B there are still detectable expression levels in root tissues. Though 
these studies were only done using histochemical and enzyme activity assays with no actual 
quantification of mRNA levels (Benfey et al. 1989).  Many studies have looked at the variation in 
mRNA expression within transformants with transgenes driven the CaMV 35s promoter and 
how that relates to the trait that they are trying to introduce to the host plant (Benfey et al. 
1989, Kay et al. 1987, Nilsson et al. 1996, Bettany et al. 1998, Walz et al. 2008, Liang et al. 2001, 
Molla et al. 2013, Kumar et al. 2016). Very few studies have examined the mRNA expression 
levels in relation to actual relative quantity of the gene product in specific plant tissues when 
using the duplicated full CaMV 35s promoter sequence as done in this study.     
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Oxalate oxidase is exported from the cell and glycosylated to the cell wall (Lane et al. 
1993; Lane 2002). Oxalate oxidase as well as other germins are known for their stability in 
differing environments (Lane et al. 1992). With the CaMV 35s promoter being such a strong 
promoter, there is a possibility that tissues are reaching a saturation point for oxalate oxidase 
hence the lack of oxalate oxidase quantity differences between the two differentially 
expressing events. CaMV 35s driven genes are strongly expressed in all tissues of woody plants 
except in mature xylem in transgenic aspen (Nilsson et al. 1996). This high constitutive 
expression however doesn’t directly translate to protein concentration when looking at 
transgenic American chestnuts in Figure 6 and Figure 9. There is post transcriptional regulation 
occurring in the various chestnut tissues affecting oxalate oxidase concentration. Gygi et al. 
1999 found quantitative mRNA data was usually unable to predict protein levels in yeast. This 
doesn’t necessarily mean there is no relationship because it’s hard to compare yeast with a 
long-lived tree species. It rather demonstrates that there is a lack of a relationship at these very 
high mRNA expression levels and oxalate oxidase concentration. 
Further studies should look at the relationship between transcript expression and 
protein concentration in various tissues for lower expressing events. This would allow us to 
figure out at what threshold of transcript expression results in no higher concentrations of the 
transgene protein in the chestnut tissues. This could diversify the number of founder trees for 
the beginning of a restoration effort. For more accurate quantification of oxalate oxidase in 
transgenic American chestnut and natural sources transmission electron microscopy could be 
used with immunolabeling. Volk et al. 2002 used immunolabeling to find oxalate oxidase in 
Pistia stratiotes leaves. Combining this method with stereological techniques, a more accurate 
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quantification of oxalate oxidase can be calculated on a per cell basis when compared 
colorimetric quantitative assay. This technique could also show where the oxalate oxidase is 
present in the over expressing chestnut tissues. 
    Oxalate oxidase quantities in transgenic American chestnut tissues were compared 
with quantities in natural sources (Figure 9, Figure 10). There is roughly 100-fold difference in 
oxalate oxidase quantities from natural sources to our transgenic tissues. This was expected as 
oxalate oxidase is differentially expressed in a variety of cereal sources (Lane, 2002, Wei et al. 
1998, Thordal-Christensen et al. 1997, Schweizer et al. 1999, Zhang et al. 1995) unlike our 
constitutively expressed oxalate oxidase in transgenic American chestnut events. Germin 
oxalate oxidase is a primary constituent of germinating wheat embryos where it is glycosylated 
to the cell wall, providing hydrogen peroxide necessary for cross-linking reactions that help in 
cell wall expansion and lignification (Lane et al. 1993, Lane 2002). Oxalate oxidase can also be 
used by plants as a method of accessing stored calcium (Ca2+) for periods of stress and 
senescence (Davoine et al. 2001; Volk et al. 2002). Barley, rye and wheat express oxalate 
oxidase in different tissues at different stages of development which would suggest that there 
would be varying concentrations of oxalate oxidase in their respective tissues (Zhang et al. 
1995, Wei et al. 1998, Schweizer et al. 1999, Davoine et al. 2001). Given the specific plant 
functions oxalate oxidase performs endogenous sources would have significantly lower OxO 
quantities than our transgenic American chestnuts. Davoine et al. (2001) shows OxOs role in 
senescence demonstrating a five fold induction of OxO activity in old leaf sheaths in rye grass 
when compared to young leaf sheaths. This expression does not reach the 100 fold increase 
seen in our transgenic American chestnuts. OxO expression has been shown to increase in the 
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presence of the pathogen E.graminis f. sp. hordei (Dumas et al. 1995) but again not nearly as 
high as our transgenic American chestnuts.  
The USDA Economic Research Service estimated the per capita wheat flour consumption 
132.5 pounds in 2011 (source of our OxO gene). Americans also significant amounts of other 
foods containing OxOs such as rice, bananas, strawberries, barley, sorghum, beets, apricots, 
and peanuts (Lane et al. 1993 Lane 2002 Dahiya et al. 2010, Anjum et al. 2014, Arnon and 
Whatley 1954, Liang et al. 2010, Wang et al. 2010). Even though the amount of OxO produced 
in our transgenic American chestnuts is significantly higher, it would constitute less in a typical 
diet than other common sources of OxO. OxOs being consumed through common food items 
have never been considered a toxin or allergen even when consumed in high quantities. OxO 
quantities in American chestnut tissues are significantly higher than found in endogenous 
cereal sources, as predicted, though nowhere near what the average American comes into 
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Chapter III: Stability of Oxalate Oxidase Expression in Transgenic 














 American chestnut (Castanea dentata) was once a dominant and influential tree species 
in the eastern United States forests. Since its eradication due to an introduced Asian fungus 
(Cryphonectria parastica) throughout the 20th century, researchers have been looking for a way 
to restore it to its natural range. A transgenic American chestnut tree containing the gene 
oxalate oxidase sourced from wheat has been developed and the transgenic is tolerant of 
Cryphonectria parastica. The aim of this study was to examine the stability of oxalate oxidase 
relative mRNA expression in its original found line Darling 58, the T1 generation, and the T2 
generation. As our flowering transgenic T1 generation allowed us to produce greater quantities 
of transgenic pollen we were able to outcross to a much larger and diverse group of mother 
trees in the field.  Expression patterns were consistent from the Darling 58 clonal line and T1 
generation. Expression patterns began to fluctuate much more within the T2 generation. Only 
one mother tree family was statistically significantly different from the others when looking at 
OxO mRNA expression. Further studies need to look at whether mRNA expression patterns 





Germin and germin-like proteins (GLPs) are a highly conserved gene family found 
throughout most plant families (Dunwell et al. 2008). They are known to provide many essential 
plant functions from germination to senescence. Oxalate oxidases (OxOs) belong to the GLP 
sub-group that produce reactive oxygen species, in this case hydrogen peroxide (Dunwell et al. 
2008). OxOs were initially described in true cereals plants like barley (Hordeum) corn (Zea), rye 
(Secale), rice (Oryza), oat (Avena) and wheat (Triticum) (Table 9)(Lane et al. 1993 Lane 2002). 
OxOs have since been discovered in a variety of plant families, not just cereals, i.e mosses 
(Laker et al. 1980), shellflower (Pistia stratiotes) (Volk et al. 2002), beet, spinach, and banana 
(Lane 2002), including several fungal species and endophytic bacterium (Graz et al. 2016, 
Mäkelä et al. 2010, Kumar and Belur 2016). 
Table 9: Oxalate oxidase nucleotide and amino acid sequence. Enzyme ID-gf 2.8 
Sequence 
Type 
Length  Sequence 




















OxO plays a key role in the germination of wheat embryos (Lane et al. 1993; Lane2002). 
During initial water uptake OxO helps to facilitate tissue remodeling in the embryo and seed as 
the plant begins growth (Lane 1993; Lane 1991; Caliskan et al. 2004). The OxO enzyme is 
exported from the cell and glycosylated to the cell wall, producing hydrogen peroxide which 
enables cross-linking reactions for cell wall expansion and lignification (Lane et al. 1993; Lane 
2002). Ca2+ regulation is a key plant cellular function that plays several roles in the life cycle of 
plants from abiotic stressors, senescence, and pathogen response signaling (Davoine et al. 
2001; Volk et al. 2002). OxOs can access stored Ca2+ that are bound to oxalate within the cell by 
breaking down the oxalate (Lane 2002). Rye grass is a great example of these processes. Rye 
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grass uses vacuole stored calcium oxalate crystals to signal senescence in aging or pathogen 
infected leaf sheaths (Davoine et al. 2001). OxO activity increases in these leaf sheaths breaking 
down the calcium oxalate compounds freeing up Ca2+ to signal senescence in target leaf 
sheaths (Davoine et al. 2001). They hydrogen peroxide produced by this reaction increases in 
these target leaf sheaths causing a hypersensitive response (Davoine et al. 2001). 
OxO driven calcium regulation is also seen in Pistia stratiotes leaves when in a calcium 
deprived environment (Volk et al. 2002). When in a calcium abundant environment, calcium 
oxalate crystal are stored in the vacuole. If the oxalate compounds increase to too high of a 
concentration OxO activity increases to break down the oxalate maintaining a stable cellular 
environment (Volk et al. 2002). In periods of low calcium abundance OxO activity increases also 
to free up the calcium mediating cytosolic and apoplastic Ca2+ concentrations for intracellular 
signaling (Volk et al. 2002).    
There are several studied roles OxO enzymes have in plant systems that made it an 
excellent candidate for resistant transgenic American chestnut (Castanea dentata). Germin-
OxOs and OxO isoforms increase fungal pathogen resistance in plants through several means. 
Many plant pathogens utilize oxalic acid as its main virulence agent (Lane 2002). Fungal 
pathogens i.e Sclerotinia sclerotiorum (Livingstone et al. 2005; Maxwell 1973; Noyes and 
Hancock 1981), Mycena citricolor (Rao and Tewari 1987), Cristulariella pyramidalis (Kurian and 
Stelzig 1979), Septoria musiva (Liang et al 2001), and Sclerotium cepivorum (Stone and 
Armentrout 1985), are known to secrete oxalic acid as a means of invasion for their plant hosts. 
Oxalic acid progresses infection by facilitating cell wall degrading enzyme activity by altering the 
pH, causing cell death through acidification, sequesters Ca2+, and suppresses oxidative burst 
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needed for plant pathogen resistance (Livingstone et al. 2005; Cessna et al. 2000). Oxalic acid 
produced by Cryphonectria parasitica chelates and removes calcium from the cell walls and 
acidifies the ambient pH, killing plant cells allowing the mycelium to the progress through the 
necrotic tissue (Anagnostakis 1987). Transforming American chestnut with the wheat OxO 
allows the transgenic American chestnut to detoxify the main virulent agent of C. parasitica.  
OxO break down of oxalic acid provides another means of resistance through the 
generation of reactive oxygen species (H2O2). Hydrogen peroxide and other active oxygen 
species have been found to play an important role in plant defense responses (Wojtaszek 
1997). In low concentrations H2O2 can act as one of the primary transducers of general plant 
defense responses as it is rapidly diffusible (Lane 1994; Thordal-Christensen 1997). H2O2 is 
transmitted through the transpiration stream of plant upon wounding eliciting the defense 
response (Lane 1994; Thordal-Christensen 1997; Lane 2000). As concentrations of H2O2 rise in 
pathogen stressed tissues an oxidative burst is created facilitating the modification of plant cell 
walls through peroxidase-catalyzed cross-linking of polymers (Brisson et al. 1994). The rapid 
oxidative cross-linking of these polymers in the cell wall creates a physical barrier much more 
resilient to fungal pathogen invasion than normal cell wall structure (Brisson et al. 1994). This 
physical barrier allows for slower transcription-based defense response like lytic enzymes, 
general antimicrobial proteins, and phytoalexins to begin working (Brisson et al. 1994; Bolwell 
et al. 2002).  
Reactive oxygen species also have antimicrobial properties on their own, inhibiting 
fungal growth directly, or by secondarily generating reactive free radicals that are antimicrobial 
(Peng and Kuc 1992). At the highest concentrations of active oxygen species the hosts plant 
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cells are locally triggered to undergo programmed cell death via a hypersensitive response 
(Thordal-Christensen 1997; Brisson et al. 1994; Delisle et al. 2001). These heavily lignified, H2O2 
saturated dead cells serve one final purpose in the defense response by acting as a trap, not 
allowing the fungal pathogen to pass easily while also creating a toxic environment without 
nourishment (Brisson et al. 1994). Germin-OxOs and OxO isoforms ability to convert oxalic acid 
into H2O2 provides a distinct advantage to the host organism susceptible to an oxalic acid 
secreting fungal pathogen.  
Ca2+ sequestration by oxalic acid secreting pathogens also affects the host plant 
pathogen response.  Elicitors from fungal pathogens initiate fluxes in cytosolic and exocellular 
ions in conjunction with active oxygen species (H2O2) (Hahlbrock et al. 1995). Cytosolic Ca2+ and 
H2O2 were shown rise together in concentration in response to pathogen invasion (Levine et al. 
1996). Ca2+ influx helps to sustain the oxidative burst of H2O2 needed for cell wall lignification as 
well as the hypersensitive response if necessary (Levine et al. 1996). While H2O2 production 
frees up Ca2+ ions for this feedback loop associated with fungal disease response (Cessna et al. 
.2000). Oxalates extreme affinity for Ca2+ has been suggested to hinder the sustained oxidative 
burst needed for pathogen resistance (Lane et al. 1994; Davoine et al. 2001; Cessna et al. 
2000;). Cessna et al. 2000 concludes that oxalate does not inhibit H2O2 production directly 
through Ca2+ sequestration once the oxidative burst has already been triggered. They propose 
that oxalate interrupts initiation of oxidative burst signaling by altering the function of one or 
more relevant kinases. This binding of Ca2+ may also weaken plant barriers by taking stabilizing 
cations from the cell walls (Cessna et al. 2000). By using wheat OxO in our transgenic American 
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chestnuts to breakdown Ca-oxalate, Ca2+ is freed up to re-stabilize cell walls and resume its 
stress or pathogen related cell signaling.  
Oxalate oxidase RNA expression in our lead events have been tested before many times 
in all stages of growth in our clonal lines. Expression between our two lead events SX54 and 
SX58 is consistent relative to our SX215 resistance control. As we outcross our SX58 T0 
generation to non-transgenic mother trees, OxO transgene expression stability needs to be 
assessed throughout multiple generations and the different genetics backgrounds we cross 
with. This will ensure that our gene has the longevity to provide chestnut blight tolerance 
throughout our restoration effort in eastern American forests. 
Materials and Methods 
Transgenic American chestnut tissue prep for RNA extraction   
RNA was extracted from T0 and T1 generations of transgenic American chestnut leaves. 
Leaves were collected from spring growth in the field for the T0 and T1 trees. Greenhouse 
leaves were collected for germinated T2s (second generation of transgenic crosses) of the same 
quality and health as the field leaves. Greenhouse leaves were collected from plants no less 
than 40 days post germination. Transgenic chestnuts were planted in D10 tubes with Jolly 
Gardener C25 germination mix (Quakertown PA). After being collected from the tree the leaves 
were immediately placed in liquid nitrogen and stored until grinding. Individual leaves were 
ground using a mortar and pestle. Powdered leaf tissue was stored in liquid nitrogen until 
extraction.   
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RNA extraction protocol 
 This protocol was adapted from Chang et al. 1993 and Gambino et al. 2008. See chapter 
2 for protocol.  
RNA expression  
 A Bio-Rad iScript cDNA synthesis kit was used to convert 900ng of RNA template for 
each reaction sample. Reaction protocol followed kit instructions except for the reverse 
transcription step was increased to 25 minutes. This was done in Bio-Rad Mj Mini personal 
thermocycler. 
 RNA expression reactions used iTaq Universal SYBR Green for the master mix in the 20ul 
well reactions. Each biological sample was done in triplicate for each reference gene primer set, 
actin and elongation factor 1 (EF1), as well as the gene of interest, oxalate oxidase (OxO) (see 
Table 10 for primer sequences). Amplification was carried out in a Bio-Rad CFX connect qPCR 
instrument. The qPCR program began with a 3 minute denaturation step at 95oC, followed by 
39 cycles of 95oC for 10 seconds, and 60oC for 30 seconds with reads being taken at the end of 
each 60oC step. This was followed by a melt curve to check for single specific PCR products and 
specificity of amplification. The melt curve began at 65oC and rose to 95oC in 0.5oC increments.   
Table 10: qPCR Primer sequences 
Primer Pair Forward Primer 5’ to 3’ Reverse Primer 3’ to 5’ 
Actin CCTTGCTGGTCGTGATCTC GTCTCAAGTTCCTGGCTCATAGTC 
Elongation factor 1 CGGTTACTGAGTACTAGCCTTG CTGCCGAAGACCTTATTGAAAG 
91 
 
Oxalate Oxidase GCCAACTTGGACGAGAAGAG CCTAGTAGCTGGCCTGTTCG 
  
Histochemical assay testing transgene inheritance 
 Seedlings from controlled crosses were tested for transgene inheritance using the OxO 
histochemical assay. Staining solution and control solution seen in  
Table 11 and Table 12. 
Table 11: Staining Solution for oxalate oxidase histochemical detection. Adapted from Dumas et. 
al 1995. 
Reagents Per 100ml Final Concentration 
10x Succinate buffer (pH 4) 10ml 1X 
Oxalic acid  27mg 2.5mM 
dH2O 40ml  
95% Ethanol 50ml  
4-chloro-1-naphtol (dissolved in ethanol) 60mg 0.6mg/ml 
 
Table 12: Control Staining solution for oxalate oxidase histochemical detection. Adapted from 
Dumas et al. 1995 
Reagents Per 100ml Final Concentration 
10x Succinate buffer (pH 4) 10ml 1X 
dH2O 40ml - 
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95% Ethanol 50ml - 
4-chloro-1-naphtol (dissolved in ethanol) 60mg 0.6mg/ml 
 
 One standard hole punch of leaf tissue was then placed into control staining tubes 
labeled (–). A second hole punch of leaf tissue from the same leaf was then placed into the 
staining tubes labeled (+) and placed on the tube rotator. Tubes were covered with foil and 
allowed to stain for 24 hours before documentation.  
Growth per day of T2 generation 
 Height measurements were collected while the T2s were growing in the greenhouse. T2 
plants were germinated in D10 tubes C25 Jolly Gardener germination mix (Quakertown PA). 
Plants were watered every three days with water pH 5.2 via drip feed irrigation. No 
supplemental light was added. Three separate measurement days before field plantings 
occurred measuring from the stem base to the top of each individual plant. The last 
measurement made on the plants was used and age of the plants ranged from 50 to 60 days 
depending on the germination date.  
Statistical analysis 
 The ANOVA found that F=2.634, p=0.03837, showing a significant difference between T2 
expression (see Table 13 in appendices for ANOVA table), so a tukey test was used to determine 
difference between specific T2s. T2 mother tree relative expression values with three biological 
replicates (transgenic crosses produced from the same father and mother tree) were grouped 
by mother tree and ran through a Tukey honest significant difference test to determine 
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whether any mother tree crosses performed better than others. Replicates were taken from 
tree crosseData was analyzed using R version 3.5.3 (Great Truth) (R Core Team 2020). The lm 
and anova functions were used to check for statistical significant between treatments, within 
the package agricolae (version 1.3-1), function HSD.test as used to determine Tukey Honest 
Significant Difference (Mendiburu 2019). The package ggplot2 (version 3.1.1) was used to 
generate figures (Wickham 2016). Scatter plots were also generated to see if there was a 




Oxalate oxidase expression in transgenic American chestnut was relatively consistent 
from the initial clonal line to the first generation of breeding (Figure 11) though only six 
individuals were produced from that year of crosses. Greater variation in transgene expression 





Figure 11: Oxalate oxidase mRNA expression in transgenic American chestnut leaf tissue. 
Orange represents the SX58 T0 tissue culture line clonal line. Green represents subsequent T1 
individuals from SX58 pollen crosses. Error bars +/- standard error of the mean.  
Mother tree families were then grouped to see if expression was consistently better in 
some mother tree backgrounds than others (Figure 13). FD mother tree crosses had the highest 
expression of oxalate oxidase out of all the rest though its variability was also greatest. FD was 



























Figure 12: Oxalate oxidase mRNA expression T0, T1, and T2 generations. Leaf tissue was 
collected in the spring from fresh growth. D58 is the T0 line (orange) from which all transgenic 
pollen was sourced. T1 generation plants are represented in green. T2 generation plants are 
represented in blue. Error bars are the standard error of the mean.  






























Relative oxalate oxidase expression was also plotted against growth per day (Figure 14). 
No discernible relationship was observed between these data points. 
Figure 13: Box plot examining the range of OxO expression in transgenic American 
chestnut seedlings grouped by mother tree. Different letters represent statistically 





Figure 14.Relationship between OxO expression and growth per day(cm) of transgenic T2 
seedlings. Growth per day values were collected from greenhouse measurements before field 
planting. There is no relationship between growth per day and mRNA expression of the 
transgene oxalate oxidase.    
 
Discussion 
     One goal of this study was to determine if there was a relationship between initial 
growth of seedlings when compared to RNA expression of the transgene. Studies have shown 
there is a hormonal or metabolic cost for organisms to express resistance genes (Karasov et al. 
2017). Rieske et al. 2003 found a physiological trade-off between hybrid chestnut growth and 
chestnut defense when looking at gypsy moth predation. We found no direct relationship 
between transgenic American chestnut initial T2 seedling growth and oxalate oxidase 
























expression (Figure 14). Several studies have found that early first year growth is largely 
dependent on nut size (Cipollini et al. 2019).  Nut size can be determined by the genetics of the 
parents or the growing conditions (examples: water, nutrients, temp, sunlight, and pests and 
pathogens) of the individual mother tree.  This suggests that the metabolic cost for production 
of the transgene does not affect initial growth differences. To determine whether there is a 
reduction in growth due to constitutive expressed transgene in American chestnut, tree 
measurements and comparisons with mRNA expression should be done over multiple years.  
We also looked at 10 mother tree crosses to determine if there were mother tree 
families that performed better than others (Figure 13). This is of interest to us because we have 
only one founder transgenic American chestnut for which to breed subsequent transgenic 
generations of chestnuts. There is limited genetic diversity with a breeding programs that have 
initial small numbers. We wanted to make sure the expression of the transgene OxO remains 
stable as we outcross to genetically diverse groups of chestnuts. Each group had both high and 
low expressors with only a one mother tree family (FD) that was statistically significant from the 
other mother tree families. Mother tree family did play a role in expression for the FD grouping 
but all other mother tree families were not statistically significantly different from each other. 
This suggests that mother tree family has little to do with oxalate oxidase expression and the 
fluctuation is caused by another factor. 
The CaMV 35s promoter driving oxalate oxidase expression in the transgenic American 
chestnuts has been shown to highly express desired sequences in most stages of plant 
development (Benfey et al. 1989). The CaMV 35s promoter has become the most used plant 
promoter in plant biotechnology, including the most used plant promoter in transgenic crop 
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species (Hull et al. 2000).  While the CaMV 35s promoter has been shown to stably express 
transgenes in both monocot and dicot species there have been some documented cases where 
transgene expression can fluctuate. Bettany et al. 1998 found a loss of GUS expression in some 
of its vegetative propagated tillers of Festuca arundinacea. This variation in expression was 
seen in only some of the tiller propagated and decreased with age of the tissues.  Transgenic 
plants expressing well in laboratory conditions can undergo reduction in transgene expression 
under field conditions (Brandle et al. 1995). 
Gene silencing has been shown to occur in transgenic Japanese gentian that is directly 
associated with the CaMV 35s promoter, rather than that of copy number or genome location 
(Mishiba et al. 2005, Okumura et al. 2016). Okumura et. al 2016 mimicked the study with 
lettuce species and saw similar transgene expression reduction and silencing as in their 
previous gentian study. Transgenic lettuce lines showed lower miraculin expression in their T1 
and T2 generations when compared with their T0 parent line (Sun et al. 2006). Hirai et al. 2011 
compared the CaMV 35s miraculin vector to a ubiquitin driven miraculin vector and 
demonstrated higher and more consistent expression in lettuce using the ubiquitin promoter. 
Transgenic tomatoes using the CaMV 35s vector from Sun et al. 2006 stably expressed the 
miraculin gene for up to the T5 generation (Yano et al. 2010). This suggests a possible histone 
modification or DNA methylation relating to the CaMV 35s promoter in these species. There is a 
possibility that a species effect, as seen in lettuce, could be affecting transgene expression in 
our transgenic American chestnuts.  
Multiple studies have been done in poplar to look at stability of gene expression over 
multiple field seasons where little to no variation in gene expression takes place within 
100 
 
individuals (Li et al. 2009, Hawkins et al. 2003, Meilan et al. 2002). Transgene expression was 
much more variable in sexually propagated generations when compared with vegetatively 
propagated generations (Brunner et al. 2007). A majority of these studies have been done with 
annual plants with only a few longer-lived tree species examined (Melian et al. 1999, Melian et 
al. 2002, Brunner et al. 2007, Klocko et al. 2018, Cervera et al. 2000). Transgenic poplar with 
herbicide resistance genes had stable expression of their transgenes throughout 4 years in the 
field (Meilan et al. 2002). Poplars transformed with the BAR gene had stable transgene 
expression throughout 3 field growing seasons (Li et al. 2009). Poplars transformed with the 
GUS reporter gene have also been reported to have stable expression over 6 years in each 
tissue culture, greenhouse, and field conditions (Hawkins et al. 2003). A similar study in citrus 
used histochemical GUS analysis to observe the same consistent expression pattern over 5 
years in the field (Cervera et al. 2000). Fluctuation in expression and even gene silencing 
becomes an issue when sexual propagation is introduced (Brunner et al. 2007, Han et al. 1997). 
Sexual propagation can lead to gene interactions that cause decreased specific expression of 
transgenes regardless of the species, gene of interest, promoter choice, or transformation 
protocol (Scheid et al. 1991, Matzke and Matzke 1990).  It should be noted that most studies 
that have looked at the effects of sexual propagation and transgene stability have small 
numbers of founder transgenic events (Brunner et al. 2007). With limited information it is 
difficult to make generalizations about conditions needed to have stable gene expression in 
both the founder transgenic clones and subsequent generations through commercial or natural 
breeding. Very few studies have looked at transgene expression in long-lived tree species over 
multiple generations propagated sexually.  
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Further studies need to look at expression of oxalate oxidase over multiple seasons to 
see if it stabilizes after the seedlings become more mature.  Further work with our project 
should look at possible methylation of the CaMV 35s promoter in our transgenic events, as well 
as generate other events with new promoters to drive the oxalate oxidase resistance gene for 
the transgenic American chestnut. Since we hypothesized that there would be relatively 
consistent expression of the oxalate oxidase gene in further sexually propagated generations 
further work needs to investigate the cause of such variation we have seen in the study. These 
T2 transgenic American chestnuts need to be tested for relative expression as they mature in 
the field to determine whether the fluctuation of expression we see is related to sexual 
propagation or due to their immaturity. If we demonstrate stable expression of our oxalate 
oxidase gene in our founder transgenic line Darling 58, T1s, and T2s, investigations into 
breeding practices and mother tree crosses should be done to determine why there is such a 
fluctuation in expression as shown in our T2 generation. It would be pertinent to further study 
whether transgene silencing is occurring in transgenic American chestnuts after multiple 
generations of breeding. While these trees would be naturally selected against in eastern 
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 The transgenic American chestnut (Castanea dentata) containing the oxalate oxidase 
gene from wheat has enormous potential for restoration purposes. With its ability to tolerate 
Cryphonectria parasitica the American chestnut has the possibility to return to its status as one 
of the predominant tree species in the eastern United States forests. Quantitative colorimetric 
protein assays were used to get relative quantities of oxalate oxidase in transgenic American 
chestnut tissues as well as endogenous cereal sources. With this information we will be able to 
move forward with the federal regulatory agencies USDA, FDA, and EPA allowing this tree to 
planted freely. Oxalate oxidase stability was also assessed in the Darling 58 founder line, T1 
generation, and T2 generation. Real time qPCR results indicate that gene expression patterns 
from the Darling 58 and T1 generations are relatively consistent. As our breeding efforts 
increased to a greater number of mother tree families in the T2 generation a greater variation 
was found. This indicates further studies need to investigate whether this fluctuation in mRNA 
expression will result in a loss of Cryphonectria parasitica tolerance. This will also help fine tune 
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  Identifying chestnut pollen baskets collected by bees. This was done to first see if we 
could use bees to collect pure chestnut pollen from our field trees. Second if that was the case, 
could we identify which pollen baskets were chestnut by color if the bee pollen was collected 
during peak chestnut pollen production from wild type mother trees. This would allow us to 
collect relatively pure chestnut pollen for bumble bee feeding studies to see the effects of 
oxalate oxidase containing pollen would have on them.  
 
Materials and Methods  
 A beehive was placed in the middle of our best pollen producing mother tree orchard 
with a wooden entrance 10 frame pollen trap from Blythewood Bee Company (Blythewood, 
South Carolina). Throughout the chestnut pollen producing season pollen was collected from 
the pollen trap once a week and stored in the freezer (-20oC). Pollen baskets were then sorted 
by color and collection date. After the male catkins had senesced off the wild type mother trees 
pollen baskets of different colors from different weeks were sorted and looked at under the 
JEOL scanning electron microscope (JMS IT-100LV) under low vacuum with no fixation of the 
samples. Control American chestnut pollen was collected from flowering catkins in our high 
light growth chamber. Control pollen was treated with a 4% glutaraldehyde for 1 hour. Then 
washed in pbs pH 7.2 to remove the glutaraldehyde. Following fixation in  1% osmium in 
115 
 
distilled water and washed with distilled water. Pollen was then critical point dried. Imaged on 









Figure 15: Colors of pollen baskets collected by honeybees. These were collected from the pollen 
trap during peak pollen production period of the wild type mother trees in the field. There were 






Figure 16: Micrograph of transgenic American chestnut anther collected from the high light 
growth chamber. Imaged for reference when comparing to bee collected pollen baskets. Imaged 
on a JEOL JSM-5800LV. Working distance 25mm, objective aperture 1, spot size 10, accelerating 




Figure 17: Micrograph of transgenic American chestnut anther with pollen grains attached to 
surface. Imaged for reference when comparing to bee collected pollen baskets. Imaged on a 
JEOL JSM-5800LV. Working distance 12mm, objective aperture 1, spot size 10, accelerating 





Figure 18: Micrograph of field collected Allegheny chinkapin (Castanea pumila) anther and 
pollen. Collected to compare morphology to American chestnut pollen. As well as to compare 
high light growth chamber sourced pollen and field sourced pollen. Imaged on a JEOL JSM-
5800LV. Working distance 24mm, objective aperture 1, spot size 11, accelerating voltage 20kv, 





Figure 19: Micrograph of transgenic American chestnut anther with pollen sourced from the 
highlight growth chamber. Imaged on a JEOL JSM-5800LV.Working distance 24mm, objective 





Figure 20: Micrograph of American chestnut pollen grain close up surface view. Sourced from 
the highlight growth chamber. Imaged on a JEOL JSM-5800LV. Working distance 21mm, 
objective aperture 1, spot size 7, accelerating voltage 9kv, approximate magnification 15,000x, 






Figure 21: Micrograph of fresh untreated transgenic American chestnut anther and pollen. 
Sourced from the high light growth chamber. Imaged on a JSM IT-100LV under low vacuum. 
Working distance 17mm, objective aperture 1, probe current 55, accelerating voltage 14kv, 






Figure 22: Micrograph of fresh untreated transgenic American chestnut anther and pollen. 
Sourced from the high light growth chamber. Imaged on a JSM IT-100LV under low vacuum. 
Working distance 17mm, objective aperture 1, probe current 60, accelerating voltage 12kv, 




Figure 23: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is the golden basket as demarked by the 
number 2 in Figure 15. Pollen basket was not treated with any fixatives. Imaged on a JSM IT-
100LV under low vacuum. Working distance 11mm, objective aperture 1, probe current 39, 





Figure 24: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is another golden basket as demarked 
by the number 2 in Figure 15. Pollen basket was not treated with any fixatives. Imaged on a JSM 
IT-100LV under low vacuum. Working distance 11mm, objective aperture 1, probe current 29, 




Figure 25: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is another golden basket as demarked 
by the number 2 in Figure 15.Pollen basket was not treated with any fixatives.  Imaged on a JSM 
IT-100LV under low vacuum. Working distance 11mm, objective aperture 1, probe current 50, 







Figure 26: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is the pale pink basket as demarked by 
the number 4 in Figure 15. Pollen basket was not treated with any fixatives. Imaged on a JSM IT-
100LV under low vacuum. Working distance 11mm, objective aperture 1, probe current 25, 




Figure 27: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is the pale pink basket as demarked by 
the number 4 in Figure 15. Pollen basket was not treated with any fixatives. Imaged on a JSM IT-
100LV under low vacuum. Working distance 11mm, objective aperture 1, probe current 25, 








Figure 28: Micrograph of honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is the dark green/brown basket as 
demarked by the number 3 in Figure 15. Pollen basket was not treated with any fixatives. 
Imaged on a JSM IT-100LV under low vacuum. Working distance 13mm, objective aperture 1, 





Figure 29: Micrograph of a honeybee pollen basket collected from peak wild type American 
chestnut production in our Lafayette field location. This is the dark green/brown basket as 
demarked by the number 3 in Figure 15. Pollen basket was not treated with any fixatives. 
Imaged on a JSM IT-100LV under low vacuum. Working distance 13mm, objective aperture 1, 




Figure 30: Micrograph of a honeybee pollen basket collected two weeks after peak wild type 
American chestnut production in our Lafayette field location. This basket was a similar color to 
the chestnut pollen baskets collected by the honeybees during peak production. This is the dark 
yellow/gold basket demarked as number 1 in Figure 15. Pollen basket was not treated with any 
fixatives. Imaged on a JSM IT-100LV under low vacuum. Working distance 12mm, objective 
aperture 1, probe current 21, accelerating voltage 2.5kv, approximate magnification 600x, scale 




 We were able to identify chestnut pollen baskets collected by honeybees based on color 
during peak wild type American chestnut pollen production using scanning electron 
microscopy. Each basket color represented a relatively pure collection of one single type of 
pollen collected by honeybees. This allowed my colleague Andy Newhouse to collect enough 
chestnut pollen to perform bumblebee feeding studies to determine if there were off target 
affects of pollinators consuming containing oxalate oxidase (Newhouse et al. 2020 in prep).    
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Reference gene optimization for qPCR figures  
 
Figure 31: Standard curve of oxalate oxidase qPCR primers. Serial dilutions of cDNA from 
transgenic American chestnut stem tissue were made from full strength to the 10-5. Primer 
efficiency falls in the optimal 90-105% range. R2 is just outside the 0.980 minimal value but 
within +/- 0.005 making it allowable. Standard curves run on Bio-Rad CFX Connect Real Time 





Figure 32: Standard curve of EF1 qPCR primers. Serial dilutions of cDNA from transgenic 
American chestnut stem tissue were made from full strength to the 10-5. Primer efficiency falls in 
the optimal 90-105% range. R2 is above the 0.980 minimal value. Standard curves run on Bio-




Figure 33: Standard curve GAPDH qPCR primers. Serial dilutions of cDNA from transgenic 
American chestnut stem tissue were made from full strength to the 10-5. Primer efficiency falls 
outside the optimal 90-105% range. R2 is above the 0.980 minimal value. Standard curves run on 





Figure 34: Standard curve of actin qPCR primers. Serial dilutions of cDNA from transgenic 
American chestnut stem tissue were made from full strength to the 10-5. Primer efficiency falls in 
the optimal 90-105% range. R2 is above the 0.980 minimal value. Standard curves run on Bio-
Rad CFX Connect Real Time PCR Detection System.  
 
Response: Expression 
          Df Sum Sq Mean Sq F value  Pr(>F)   
MT         9 16.082 1.78695   2.634 0.03837 * 
Residuals 18 12.211 0.67841                   
Signif. codes:   
0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Table 13: Analysis of Variance table for RNA expression by mother tree (MT). With a p value of 




Df Sum Sq   Mean Sq   F value   Pr(>F)     
Tissue     6  2.4871   0.41451     11.353    7.34e-07 *** 
Residuals 33 1.2048 0.03651                      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Table 14: Analysis of Variance table for OxO quantities by tissue type. With a p value of 7.34e-07 
a significant difference was found allowing a Tukey HSD test to be performed. 
 
  Df  Sum Sq  Mean Sq F value    Pr(>F)     
Source    11 1.04772 0.095247   52.21 < 2.2e-16 *** 
Residuals 36 0.06568 0.001824                       
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
Table 15: Analysis of Variance table for OxO quantities by edible sources. With a p value of 2.2e-
16 a significant difference was found allowing a Tukey HSD test to be performed. 
